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ABSTRACT
This thesis is an e ffo rt to design and construct an experimental 
instrum ent that w i l l  use a m onochromatic laser beam to op tica lly  
measure the transient m olecular orien ta tion o f concentrated liq u id  
c rys ta llin e  po lym er solutions aligned by a strong electrom agnetic 
fie ld . The design and construction po rtion o f this research w ork 
consisted o f devising a way to transm it a monochromatic laser beam 
through a concentrated liq u id  c rys ta llin e  po lym er so lu tion  held 
between two quartz plates in  such a way as to strike the same point 
in  the sample w ith  acceptable experimental accuracy. Further design 
constraints were originated from  the dimensions and capabilities o f 
available equipment and the expense o f the necessary equipment to 
be purchased. Upon com pletion o f the construction, experim ental 
procedures were developed in order to make the measurements in 
the most e ffic ien t way to produce the most useful data and computed 
resu lts .
A  two and a three parameter model were uses to compute the 
average angular orientation and retardance o f the liq u id  crysta lline  
polym er samples. Both o f the models produced angular orientations 
w ith  l i t t le  re la tive  error, ind ica ting  the instrum ent does a lign  the 
molecules to the lines o f magnetic force from  the magnet, and this 
orienta tion can be measured. The three parameter model produced
iii
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values o f the retardance that were inconsistent w ith  the accepted 
tw o parameter model. The transm ission parameter o f the three 
param eter m odel v io la te d  the law  o f conservation o f energy. 
However, the magnitude o f this parameter was close to being an 
acceptable value. This indicates that the three parameter model
used to p re d ic t d is trib u tio n s  o f m o lecu lar orien ta tions may be 
rea lis tic , but needs further refinement.
In  conclusion, i t  is believed that the experimental equipment
and procedure can a lign  liq u id  crys ta lline  polym ers and measure
the ir orientation. Further research in to the effects o f shear flo w  on 
the molecular properties o f LCP’s can be performed on a lim ited  basis 
w ith  a more complete model o f the distributions.
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Chapter I 
INTRODUCTION
In  recent years, m a te ria l scientists have recognized the 
anomalous behavior and practica l applications o f liq u id  crysta lline  
polymers (LCP's). The rig id ity  o f LCP’s allows the molecules to form  
a a mesophase o f a liq u id  crystalline structure. Possessing the short 
range order o f a c rys ta lline  solid  and the long range sta tistica l 
disorder o f a liqu id , the physical properties o f LC P ’s are intermediate 
to those o f solids and liqu ids. The actual supra-molecular structure 
o f liq u id  crystalline polymers is a subject o f debate. Many scientists 
believe that quiescent LCP's fo rm  m icroscopic regions o f oriented 
po lym er m olecules, w h ile  on a larger range, the orien ta tion  o f 
quiescent LCP’s is random. Many other scientists feel that there is no 
m olecular orientation in  the domains and the macroscopic properties 
are due to in te ractions between domain regions. I t  is known, 
however, that when a LCP is subjected to flow , there is a defin ite 
rearrangement o f molecules on the molecular scale due to the effects 
o f shear. Since i t  is the molecular structure that makes LCP's useful 
in  the m anufacturing o f high performance materials, the effects o f 
f lo w  on the m olecular structure has s ign ifican t results. Thus an 
experim enta l technique fo r studying the fo rm ation  and subsequent 
destruction o f the supra-molecular structure o f LCP's would be o f 
practica l use in  research and manufacturing.
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The experim ental objective o f this research is to develop a 
method by w h ich  the changing structure o f the po lym er can be 
d irec tly  observed in  tim e w h ile  the sample is being oriented by a 
magnetic fie ld . The resultant in fo rm ation  can help to understand 
how the supra-molecular structure forms and decays in  tim e and can 
be la te r used in  rheo log ica l studies o f the f lo w  characteristics o f 
LC P 's. F u rthe rm ore , the re su lta n t in fo rm a tio n  can p ro v id e  
experim ental data fo r the comparison w ith  theories o f the behavior 
o f liq u id  crysta lline polymers.
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Chapter I I  
EXPERIMENTAL DESIGN
The experim ental design consists o f developing an apparatus 
that can position the liq u id  crystalline polym er sample in the lim ited  
space between the two pole faces of the electromagnet in  such a way 
that the angular orientation o f the entire sample w ith  respect to the 
magnetic force lines can be controlled. The monochromatic polarized 
laser used in  the experiment must be mounted in  such a way that 
the laser beam can be rotated about the axis o f the beam w hile  s till 
s trik ing  the sample in  the same place to measure the characteristics 
o f the sample at the same spot in the sample.
2.1 THE DESIGN OF THE STATIC STAND THE STATIC STANDS BASE
The base o f the static stand is machined from  0.5 in  th ick type 
304 stainless steel which has m in im al magnetic induction properties. 
The base was designed in  such a way that i t  can be moved laterally 
to center the static stand between the tw o magnetic pole faces. 
Furthermore, the static stand can be rotated angularly on the base to 
p rov ide  a fu l l  360 degree range o f angular orienta tions o f the 
po lym er to the magnetic fie ld . The schematic o f the static stands 
base is illustrated in  Figure 1.
The base o f the static stand is held to the p latform  surrounding 
the electromagnet by two stainless steel washers and two 1/4 in x 20 
stainless steel bolts that are tapped into the wood o f the platform.
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< -------- 0.3125 in 0.3125 in- H
Figure 1: Schematic Diagram o f the Static Stands Base
The moveable system provided fo r adequate contro l o f the position 
o f the static stand w ith  v irtua lly  no play or give in  the position.
2 .2  THE DESIGN OF THE COMPONENTS OF THE STATIC STAND
The static stand was designed in  such a way as to be fu lly  
rotatable on its base by being held in  place w ith  a stainless steel 1/4 
in  x 20 cap screw tapped in to  the bottom o f the static stand. This
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provides fo r a fu l l  360 degree range o f angular orientations o f the 
polym er sample w ith  respect to the magnetic lines o f force between 
the magnetic pole faces. The static stand assembly consist o f four 
parts: the mounting frame, two plate holders, and the cover plate.
2.2.1 THE DESIGN OF THE STATIC STANDS MOUNTING FRAME
The main mounting frame, shown in Figure 2, is the part that 
actually mounts to the base and mounts the three other components 
w ith  six stainless steel #10 cap screws tapped in to  the m ounting 
fra m e .
2 .2 .2  THE DESIGN OF THE STATIC STANDS QUARTZ PLATE HOLDERS
The next tw o components o f the static stand assembly are
iden tica l and actually hold the 1/8 in  th ick  quartz plates w ith  the 
liq u id  crysta lline polym er sample in  between the quartz plates. The 
two plate holders as illustrated in  Figure 3 hold the quartz plate and 
O -ring inside the 1.1875 in dia hole and are held in  place by the 
static stand cover plate. The plate holders were machined to be as 
f la t as possible on both sides and precisely 0.125 in  th ick, the same 
thickness as the quartz plates. This ensures that when the entire 
static stand is bolted shut, the distance between the quartz plates 
that contains the LCP sample w i l l  be the same as the distance 
between the plate holders controlled by the inserted shim stock.














0.75 in 0.75 in
< ------- 0.25 in
Figure 2: Schematic D iagram  o f the Static Stands M ain  M ounting 
F ram e
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0.25 in
Figure 3: Schematic Diagram o f the Static Stands Plate Holders
2.2.3 THE DESIGN OF THE STATIC STANDS COVER PLATE
The last component o f the static stand assembly is the cover 
plate. The cover plate as illustra ted in  Figure 4 is identica l to the 
quartz plate holders except the hole in  the center is 0.75 inches in 
diam eter instead o f 1.1875 inches in  diameter. The 0.75 inch 
diameter holes in  the cover plate and the m ounting frame a llow  a 
large area fo r the laser beam to strike the po lym er sample, w h ile  
g iving 0.4375 inches o f stainless steel around the edge o f the quartz
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2.0 in < ----  0.125 in
0.75 in 0.75 in
; : ; : i :
0.25 in
Figure 4: Schematic Diagram o f the Static Stands Cover Plate
plates to hold them in place. The #10 stainless steel cap screws that 
b o lt the entire assembly shut are inserted from  the cover plate side 
and are tapped in to  the stainless steel o f the mounting frame.
2.3 THE DESIGN OF THE LASER ASSEMBLY
The component that holds the laser tube in place and allows 
the polarized laser to be rotated around the line o f the laser beam is 
the most delicate and sensitive portion o f the design. The assembly
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has to be very sturdy to w ithstand the strains from  the magnetic 
fie ld , hold the laser tube securely w hile  a llow ing the laser tube to be 
rotated and a lign ing  the beam to the same spot on the po lym er 
sample. Furthermore, the experimenter has to be able to measure
the angle o f the plane o f polarization o f the beam. The fina l design
produced a very strong un it w ith  the capab ility  o f con tro lling  the 
orientation o f the incident laser beam very precisely.
2.3.1 THE DESIGN OF THE LASER MOUNTING TUBE
The laser mounting tube illustrated in  Figure 5 was constructed 
from  2 inch schedule 40 PVC pip ing. 0.5 inch diameter holes were 
positioned at 90 degree intervals around the pipe and spaced 1 inch
apart to provide fo r ventila tion  o f the laser unit. The 1/8 in  x 20
bolts were fastened to the laser tube to hold the laser and polarizer 
holder in  place, and to provide handles in which to rotate the laser 
tube in  the laser stand. The laser tube rested against the wood o f 
the laser stand w ith  a th ick strip o f fe lt in between to provide for 
smooth rota tion. The laser un it and po larizer holder are adjusted 
and aligned using the 1/8 inch x 20 bolts according to the procedure 
detailed in  the sections 3.1.1 and 3.1.2.
2 .3 .2  DESIGN OF THE PRIMARY POLARIZER HOLDER
The schematic diagram o f the po larizer holder is shown in 
Figure 6. The prim ary polarizer holder was simply an annulus cut 
from  3/4 inch pine board w ith  a 0.625 inch hole in  the center and a
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Figure 5: Schematic Diagram o f the Laser M ounting Tube











0.375 in < ----- 0.1875 in
1/8 in x 20 tapped
1.0 in
Figure 6: Schematic Diagram o f the Primary Polarizer Holder
notch on the side to contain a set screw. The prim ary po larizer 
holder is fastened to the end o f the laser tube using the 1/8 inch x 
20 bolts. The spacing between the polarizer holder and the inside o f 
the laser m ounting tube provided enough room that the bolts could 
move the center o f the po larizer to the center o f the laser beam. 
Such movement was necessary to align the prim ary po larizer w ith  
the laser beam.
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2.3.3 DESIGN OF THE LASER MOUNTING STAND
The laser m ounting stand was the most im portan t and time 
consuming part o f the construction o f the experimental apparatus. I t  
was o f v ita l importance that the laser be mounted in  a solid manner 
w h ile  a llo w in g  the laser tube to be rotated, yet rem ain f irm ly
positioned. B y having such design and construction characteristics, 
the laser beam was able to strike the same spot on the polym er
sample as the laser was rotated about its axis. I f  this were not the 
case, the laser beam would strike a circu lar path around the polymer
sample. This would produce meaningless data at a range o f points in
the LCP sample. The fin a l design, shown in  Figure 7, produced a 
smooth and solid rotation about the laser beam's axis and produced 
qua lity , consistent data.
2 .4  DESIGN OF THE OVERALL INSTRUMENT
The entire instrument, illustrated in  Figure 8, was designed and 
la id  out w ith  two factors to be considered. F irst, the instrument had 
to be constructed compactly enough that a small angular change in 
pos ition  o f one o f the components would not perturb the system 
com ple te ly out o f a lignm ent. Such a perturba tion in  the laser 
m ounting stand, fo r example, could move the po in t o f impact o f the 
laser beam com p le te ly  o f f  the po la rize r. The instrum ent was 
constructed in  the most sturdy fashion possible to m in im ize  such 
perturbations, but i t  was s till possible to m isalign the system w ith  a 
hard ja r to the apparatus.
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Figure 7: Schematic Diagram o f the Laser M ounting Stand












Figure 8: Schematic Diagram o f the Overall Instrument
Secondly, the instrum ent had to be la id  out such that the 
e lectron ic equipment such as the laser tube and the photodetector 
were fa r enough away from  the magnetic f ie ld  that the magnetic 
f ie ld  its e lf would not in terfere w ith  the norm al electronic operation.
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Thus, the po la rizer and the photodetector were positioned on the 
instruments scaffolding jus t outside o f the disk o f the electromagnet. 
Measurements w ith  the gauss meter indicated that there was s t ill a 
m agnetic measurable m agnetic f ie ld  at these pos itions, but i t  
appeared to be the best compromise between a ll factors considered. 
Furtherm ore, there appeared to be no s ig n ifican t effects on the 
instrum ent readout when compared to readouts w ith  the components 
farther away from  the electromagnet.
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Chapter I I I  
EXPERIMENTAL PROCEDURE
The experim ental apparatus is designed to ho ld a sample o f 
concentrated liq u id  crysta lline  po lym er solution between tw o quartz 
plates in  a known geometric orientation relative to a strong magnetic 
fie ld . A  polarized laser beam is projected through the sample, in to a 
second polarizer crossed relative to the incident laser beam, and then 
in to  a photodetector where the laser beam’s in tens ity  is measured 
and displayed on a power meter. Be varying the angle o f the plane 
o f po la riza tion  o f the inc iden t laser beam and the angle o f the 
polarizer in a regular way, the in form ation can be used to deduce the 
average angular o rie n ta tio n  o f the liq u id  c ry s ta llin e  po lym er 
molecules in  the sample. This measurement method can be applied 
to spec ific  liq u id  c rys ta llin e  po lym er compounds under know n 
conditions to experim enta lly examine the transient and steady state 
effects the magnetic fie ld  has on the molecular orientation.
3.1 PREPARATION OF THE EXPERIMENTAL EQUIPMENT
The preparation fo r an experiment consist o f two portions:
1) The a lignm ent o f the optica l components to ensure the
laser is centered on the apparatus and that the laser beam
strikes the op tica l components (po larizers, quartz plates, 
and the photodetector) perpendicular and at the center.
2 ) The loading o f the liq u id  crysta lline  po lym er solution in
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the clean static stand to the proper thickness.
Both portions o f the preparation are very im portant to produce the 
desired geom etrica l con figu ra tion  w ith  a m in im um  o f undesired 
optical side effects.
3.1.1 ALIG N M EN T OF THE LASER IN  THE LASER M OUNTING TUBE
The firs t alignment step is to position the 5mW  polarized laser 
(Uniphase Corporation model #1308-P) in the PVC tube such that the 
beam is centered along the axis o f the tube. This is a tedious and 
delicate step, but must be performed correctly so that the beam w ill 
strike the same spot on the sample as the laser tube is rotated to the 
desired angular position. I f  the beam is m isaligned, the laser w i l l  
strike the liq u id  crystalline polym er sample in a c ircu lar path around 
the axis o f the PVC tube. The resulting measured experimental data 
w ould be over a series o f points in  the liq u id  crysta lline  polym er 
so lu tion  each w ith  a s lig h tly  d iffe ren t average , angular m olecular 
o r ie n ta tio n . As a resu lt, the experim en ta l data w o u ld  be 
m eaning less.
To begin the alignment process, the laser is roughly centered in 
the m ounting tube w ith  the back end o f the laser sticking out the 
back end o f the m ounting tube about 0.5 cm. Using a pa ir o f 
mechanic’s spacers, the distance between the laser and the mounting 
tube w a ll can be measured. The adjusting screws at the rear o f the 
laser m ounting tube are adjusted u n til the distance between the 
laser and the m ounting  tube is u n ifo rm  around the en tire
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circum ference. A t th is point, the back o f the laser is considered 
a ligned.
Next, the laser m ounting tube is placed in  its stand and the
operating laser is aimed at a paper target placed about three meters 
in  fron t o f the apparatus. As the laser mounting tube is rotated in its 
stand, the laser beam w il l  sweep out a c ircu la r path on the target. 
When the laser beam is at its highest po in t on the circu lar path, the 
three adjusting screws on the PVC tube are turned so that the spot 
from  the laser beam drops to the center o f the c ircu lar path. The 
PVC tube is again rotated and the procedure repeated un til the laser 
strikes the same spot on the target as it  is rotated. A t this point, the 
laser is centered in the tube.
3 .1 .2  ALIG NM EN T OF THE PRIMARY POLARIZER
W ith  the laser centered in  its m ounting tube, the prim ary
polarizer can be secured to the fron t end o f the laser mounting tube. 
To prevent damage to the delicate polarizer, the polarizer is placed in 
a wooden circu lar ring w ith  a set screw on the side. The wooden ring 
is placed in  the fron t end o f the laser m ounting tube and lig h tly  
secured w ith  the three ho ld ing screws. The ho ld ing screws are 
adjusted u n til the laser strikes the polarizer at its center. Next, the 
laser must be positioned rad ia lly  so that the plane o f polarization of 
the laser is pa ra lle l to the plane o f transmission o f the prim ary 
po larizer. One o f the three adjustment screws at each end o f the
laser is loosened ju s t u n til the laser can be rotated w ith  l i t t le
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resistance. The laser beam is pointed at the photodetector and the 
in tensity  noted. The laser is s low ly rotated u n til the in tensity  as 
measured by the power meter is at a maximum. The two adjustment 
screws are tigh tened and the laser and p rim a ry  p o la rize r are 
considered to be aligned.
3.1.3 ALIG N M EN T OF THE LASER W ITH  THE MAGNETIC FIELD
The next step in  the alignment procedure is to align the laser 
beam perpendicular to the magnetic fie ld  using a system o f targets. 
Two 9.25 inch pieces o f black poster board were care fu lly  cut such 
that they f i t  snug in  the larger area between the pole faces. On each 
target, a small 0.125 inch hole was cut in the m iddle o f the board 5.5 
inches from  the bottom. W ith  these targets secured in the gap, the 
laser is adjusted both ve rtica lly  and horizonta lly so that i t  w i l l  pass 
through both holes. In this position, the laser beam w il l be parallel 
to the top o f the lab bench and perpendicular to the fie ld  to w ith in  
0.125 inches over a distance o f 12 inches. This corresponds to about 
0.6 degrees between the line  perpendicular to the magnetic fie ld  and 
the laser beam.
3.1 .4  ALIGNM ENT OF THE ANALYZER
The second po larizer is mounted in the rota tor and centered 
using the mechanical spacers sim ilar to the way the back o f the laser 
was centered in  the laser mounting tube. Since the analyzer/rotator 
un it is used at two positions on the apparatus, it  must be adjusted
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and aligned to f i t  both positions. The un it is f irs t mounted in  the 
m oveable hole on the wooden fram e above the apparatus and 
between the prim ary po larizer and the location o f the static stand. 
The ana lyzer/ro ta to r u n it is adjusted v e rtic a lly  u n t il the beam 
strikes the polarizer's vertica l center. The reta in ing co lla r is fixed 
around the stainless steel rod that holds the rotator. The moveable 
hole is now adjusted horizonta lly  un til the laser strikes the polarizer 
at the horizontal center. The moveable hole is bolted in to  place and 
secured. In  order to align the analyzer/rotator un it rad ia lly  so that 
the beam w i l l  strike the polarizer's fron t face perpendicularly , the 
un it can be twisted in the moveable hole u n til the reflection from  the
face strikes the same v is ib le  spot where the laser exits the prim ary
polarizer. The analyzer/rotator un it can now be removed a number
o f times and returned to the same aligned position.
The analyzer/rotator un it is next placed in  the moveable hole 
in  fron t o f the position the static stand w il l  occupy. The horizontal 
position o f the moveable hole is adjusted un til the laser beam strikes 
the center o f the polarizer. Since the wooden stand around the top of 
the apparatus is not necessarily para lle l to the bench, the vertica l 
position o f the moveable hole itse lf has to be adjusted. By placing 
construction paper as a shim stock between the moveable hole and 
the wooden stand, the analyzer/rotator un it is adjusted ve rtica lly
u n til the laser beam again strikes the center. W ith  the moveable 
hole secured, the un it can be tw isted u n til the re flec tion  from  the
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po la rizer's  face strikes the spot where the laser beam exits the 
p rim ary  po la rizer.
3.1.5 ALIGNMENT OF THE PHOTODETECTOR
The photodetector is also mounted on a stainless steel rod w ith  
a reta in ing co lla r exactly the same way the analyzer is mounted on
its rod. The moveable hole that the photodetector sits in  can be
moved h o riz o n ta lly  and v e rt ic a lly  in  the same way the other
moveable hole can. Thus, the photodetector is aligned the exact same
way be adjusting its position u n til the beam strikes the center. The 
stainless steel rod can then be twisted un til the beam strikes the spot 
on the prim ary polarizer. Thus the entire laser, prim ary polarizer, 
analyzer, and photodetector system is aligned re la tive to each other
and the magnetic fie ld . The static stand are aligned in the system
after the liq u id  crystalline polym er sample has been loaded.
3 .2  PREPARATION OF THE STATIC STAND
W hen placing the liq u id  crysta lline po lym er solution in to  the 
static stand, there are three major factors to consider:
1) The cleaning o f the static stand and the quartz plates to
prevent contam ination from  the previous samples, o il from  
the skin, and stray dust from  the air.
2 )  The size o f the gap between the quartz plates must be
c a re fu lly  ad jus ted  and m easured to  ensure the 
configura tion o f the liq u id  crysta lline polym er solution is
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what is being used in  the numerical calculations.
3 ) The static stand as a un it must be positioned in the gap o f
the magnetic f ie ld  to ensure that the laser strikes the
sample at the desired angle.
3.2.1 CLEANING AND MAINTENANCE OF THE OPTICAL COMPONENTS 
In  order to reduce the optical side effects that contaminants on
the quartz plates can create, the plate cleaning procedure is very 
im portant. A fte r an experimental run, the quartz plates are soaked
in  a solution o f A lconox and water fo r several minutes to loosen any 
m aterial dried on the surface. A fte r this soaking step, any o f the 
rem aining polym er is usually pulled o ff  easily. The plates are then
very lig h tly  scrubbed w ith  a soft wash cloth. Before the plates have
dried, they are rinsed thrice w ith  deionized water to remove any 
residual soap and hard water spots. A fte r the plates have dried, 
they are next polished w ith  Kodak lens cleaning solution and Kodak
lens paper. A fte r this step, the quartz plates w i l l  on ly be handled
w ith  disposable soft c lo th gloves to prevent any contam ination from  
f in g e rp r in ts .
3 .2 .2  LOADING OF THE LIQ UID  CRYSTALLINE POLYMER SOLUTION 
A fte r the quartz w indows are polished, they are mounted in
the corresponding plates o f the static stand w ith  #20 O-rings around 
the edge o f the plate. A  small amount o f the polymer solution is next
placed on one o f the quartz plates and a smaller O -ring positioned so
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that i t  w i l l  lie  between the two larger O-rings and seal the sample 
from  the space between the m ounting plate and prevent evaporation. 
The other m ounting plate is placed onto the sample and the entire 
apparatus loosely bolted shut w ith  stainless steal cap screws. In 
order to set the gap spacing, a stainless steel shim stock o f the
desired thickness is placed between the tow quartz w indow  plates of 
the stand. The cap screws are tightened un til they are snug using an 
A lle n  wrench. This static stand is mounted to the base plate w ith  a 
0.375 inch piece o f plexiglass in  between the stand and the base
plate to act as a shim to raise the stand so that the laser beam passes 
through the center o f the sample.
3.2.3 ALIG N M EN T OF THE STATIC STAND IN  THE MAGNETIC FIELD 
The static stand is secured to the apparatus by mounting i t  on
the wooden base in  the magnet’s gap w ith  5/16 inch stainless steel
screws. Before the screws are tightened, the base plate is adjusted so
that the re flec tions from  the quartz plates also strike the laser 
emissions hole. In this position, the static stand is considered to be 
aligned to w ith in  1/48 radians to the axis o f the laser beam.
3 .2 .4  PREVENTION OF STRAY LIG HT EFFECTS
The entire in terio r o f the apparatus is then covered w ith 
b lack poster board to keep stray lig h t from  the laboratory away 
from  the photodetector. W ith  the overhead lights on, the reading on 
the power meter is n u ll to w ith in  1 m icrowatt. Thus, i t  appears that
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the shielding blocks most o f the ligh t when the room ligh t is on and 
there w i l l  be practica lly  no stray lig h t effects when the laboratory 
ligh ts are turned o ff  during experiments.
3.3 MEASUREMENTS OF THE OPTICAL CHARACTERISTICS OF THE LCP 
SOLUTION
W ith  the apparatus properly aligned relative to the direction of 
the magnetic flu x , the optica l characteristics o f the sample may be 
made. However, there are three portions to an experimental run:
1) For any position o f the plane o f polarization o f the incident 
laser beam, the orientation o f the beam must be measured. 
This measurement must be perform ed every tim e the 
orientation is changed.
2 ) Once the magnetic fie ld  is turned on, the orientation and 
optica l response o f the liq u id  crysta lline  po lym er sample 
w il l  begin to change and then presumably reach a steady 
state value. The response o f the sample must be followed 
in  tim e to determ ine when the sample has reached a 
steady state configuration fo r the given magnetic fie ld .
3 ) A fte r the sample has reached its steady state orientation, 
the optical response must be measured over a broad range 
o f positions o f the op tica l components to deduce the 
sample's orientation through mathematical analysis.
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3.3.1 M EASU R EM EN T OF THE O R IEN TATIO N  OF THE PLANE OF 
POLARIZATION OF THE LASER BEAM
In order to measure the angle o f orientation o f the polarized 
laser beam, the analyzer is secured in  the moveable hole between 
the laser beam and the static stand. The analyzer is positioned such 
that the plane o f polarization o f its polarizer w i l l  be crossed w ith  the 
desired plane o f po la riza tion o f the laser beam. W ith  the optical 
density three f i lte r  on the photodetector, the polarized laser beam 
u n it is s low ly  rotated u n til the reading from  the power meter is as 
small as possible. Due to the sensitiv ity o f the system, this is only a 
crude approxim ation o f the plane o f po larization. To increase the 
accuracy o f the position ing , the optica l density 3 f i lte r  is removed 
from  the photodetector and the polarizer un it rotated u n til the power 
meter reading is m in im ized. Since this adjustment is done in  the 
reg ion where the de riva tive  o f the measured laser in tens ity  w ith  
respect to the angular position ing  is maximum, the adjustments are 
very sensitive. So no further adjustment o f the laser can be made 
w ith  reasonable accuracy. So the analyzer un it is s low ly rotated un til 
the power meter reading is m in im ized ever further. The angular 
position o f the analyzer is then read, and the po larizer’s position w ill 
be known to w ith in  the accuracy o f the graduations o f the rotator.
3 .3 .2  MEASUREMENT OF THE IN IT IA L  RESPONSE OF THE SAMPLE
The analyzer un it is returned to the moveable hole between
the static stand and the photodetector and secured in  place. The
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analyzer is positioned at zero degrees w ith  respect to the rotator and 
the in te n s ity  o f the transm itted beam is recorded. The same 
measurement is repeated at f ive  degree increments o f the analyzer 
fo r the entire 360 degree range. This is the base response o f the 
unoriented sample.
3.3.3 O RIENTATIO N OF THE SAMPLE AND MEASUREM ENT OF THE 
TRANSIENT RESPONSE
W ith  the magnetic f ie ld  turned on and the in tens ity  o f the 
transm itted lig h t is measured at s ix ty  degree increm ents o f the 
analyzer every ten m inutes. As the sample a ligns, the values 
recorded at ten m inute in te rva ls  w i l l  fluc tua te  in  a decaying 
sinusoidal pattern. Eventually, the six values o f intensity w i l l  reach a 
steady state value. A lso, the response becomes symmetrical in  that 
the values 180 degrees apart are equal to w ith in  less then 5%. A t 
this point, the sample is considered to have reached its steady state 
alignm ent. W ith  the prim ary po larizer in  the same in it ia l position, 
the in tens ity  o f the transm itted lig h t is measured at f iv e  degree 
increments o f the analyzers position. This in fo rm ation can then be 
compared to the in it ia l configuration to get a qualita tive measure o f 
how much effect the magnetic fie ld  had on the sample.
3 .3 .4  MEASUREMENT OF THE ORIENTATION OF THE SAMPLE
A t this point, the measurements actually used to calculate the 
orientation angle o f the liq u id  crysta lline polym er solution can now
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be made. The transmitted laser beam’s in tensity must be measured 
w ith  the tw o  po larizers in  a crossed pos ition  at tw o d iffe ren t 
positions o f the laser and prim ary polarizer. Experience has shown 
that i f  the measurements are made at the m in im um  o f the two 
positions o f the prim ary polarizer, the results w i l l  be o f very poor 
accuracy. Therefore, the measurements must be made at several 
positions o f the prim ary po larizer to yie ld m eaningful results w ith  a 
high corre la tion coeffic ient.
The laser and prim ary polarizer must f irs t be positioned an a 
crossed orientation. The laser/prim ary po larizer u n it is positioned 
para lle l to the magnetic fie ld  as previously described. The analyzer 
is secured in  the moveable hole and adjusted to the crossed position. 
The in tensity o f the transmitted laser is measured and recorded. The 
laser and prim ary po larizer are then rotated to a new position w ith  
respect to the f ie ld  and the measurements repeated u n t il an 
adequate number o f crossed polarizer readings are made. Because o f 
the nature o f the m athem atica l equations used to calculate the 
orien ta tion , measurements should be made at no less than eight 
positions o f the laser and prim ary po larizer. To ensure fu rther 
accuracy, the measurements are made over at least 15 degree 
in te rva ls  o f the laser and p rim ary  po la rize r fo r  a to ta l o f 24 
pos itions. The experim enta l data can then be entered in to  a 
computer and the orientation o f the sample calculated.
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Chapter IV  
THEORY
4.1 NATURE OF LIQ UID  CRYSTALLINE POLYMERS
L iq u id  crysta lline  polym ers owe the ir extraord inary properties 
to the ir chem ical structure. M ost liq u id  c rys ta lline  polym ers o f 
com m ercia l interest have a r ig id  backbone chain. I t  is the linear 
r ig id ity  o f the backbone that gives liq u id  c rys ta llin e  po lym er 
materials the ir great strength. DuPont's Kevlar fiber, fo r example, is 
a liq u id  crysta lline polym er that is spun in to  th in  fibers that have 
the tensile strength o f steel w ith  a fraction o f its density. A t present 
i t  is very d if f ic u lt  to manufacture three dim ensional articles from  
Kevlar because o f the lack o f long range order.
The liq u id  crysta lline  structure exhib its the short range order 
o f a solid  or crys ta lline  m aterial w h ile  exh ib iting  the long range 
s ta tis tica l d isorder and f lo w  characteristics o f a liq u id . L iq u id  
c ry s ta llin ity  has been know n to exist in  low  m olecu lar w e ight 
systems since the end o f the nineteenth century. Before Staudinger 
re a liz e d  the ac tua l m o le cu la r s truc tu re  o f m a cro m o le cu la r 
compounds, Volander considered the poss ib ility  that long molecules 
may fo rm  solutions o f unique m olecular structure (1). Polym er 
molecules were firs t observed to fo rm  liq u id  crysta lline  phases or 
mesophases in  concentrated solutions o f polypeptides around 1955 
(1, 2, 3, 4). I t  was also realized that fibers w ith  high strength and
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modulus may be spun from  solutions o f sem i-rig id polymers such as 
cellulose and its derivatives. Since cellulose is a renewable resource, 
the commercial potential o f these types o f fibers is greater than that 
o f fibers spun from  petroleum products.
Due to the s t if f  backbone chain o f LCP's, the electron shells lie  
in  a un iform  linear region. This linear region o f the electrons can be 
effected by a magnetic fie ld  and align itse lf w ith  the magnetic fie ld . 
The alignment tendency would cause the LCP mesophase to become 
more un iform  and compact in  nature. This phenomenon can be used 
to induce and control a structure w ith in  the LCP sample.
4 .2  STRUCTURE OF L IQ U ID  CRYSTALLINE POLYMERS: THE D O M AIN  
THEORY
On a length scale on the order o f 1 to 10 liq u id  crysta lline
po lym e r so lu tions have m icroscop ic  un its  o f lo c a lly  oriented 
structure called domains. I t  is not known what the exact structure is 
w ith in  a domain, but there is a marked d iscon tinu ity  in  the optical 
properties where domains meet because a lig h t beam w i l l  experience 
a change in  the refractive index w ith in  the layers o f electron shells 
producing birefringence. I t  is probable that there is a continuous, 
h ig h ly  correlated vector fie ld  describing the loca l structure o f the 
liq u id  crysta lline polym er w ith in  the scale between the domains. (5)
Even though the actual in ternal structure o f a domain is not 
known, the domain texture can be greatly influenced by shear flow , 
extensiona l f lo w , and m agnetic fie lds . Because the m olecu lar
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structure is contro lled by the re la tive ly  week in term olecu lar forces 
such as hydrogen bonding or van Der Waals forces, very small forces 
can easily overwhelm  the m olecular forces and cause the m olecular 
structure to change. A lderman and M ackley (6) report that in  some 
cases o f shear flo w  the size o f the domains shrink w ith  increasing 
shear rates. W h ile  on the other hand, they also reported that in 
some cases, the size o f the domains grow w ith  increasing shear rate. 
Thus the shear flow  in  some cases reinforces and promotes a domain 
texture in  the sample, w h ile  in  some other cases the shear flo w  
counters and destroys the domain texture in a sample.
Shear f lo w  tends to be an in e ffic ie n t way to orien t liq u id  
c rys ta llin e  po lym er domain structures. Extensional f lo w  is more 
e ffic ien t, but requires larger flo w  distances to achieve a comparable 
u n ifo rm ity  o f orientation. Since a magnetic fie ld  produces a body 
force on the mass o f liq u id  crysta lline  polym er solution, common 
m agnetic  f ie ld  strengths present an a lte rna tive  to m echanica l 
alignment methods producing domains o f the optimum size o f 1 to 10 
pi m. The tim e required to achieve such m olecu lar orien ta tion  
depends on the strength o f the magnetic fie ld , the temperature, and 
the liq u id  c rys ta llin e  po lym er so lu tio n ’s v iscos ity . W ith  fie ld  
strengths o f between 10 and 16 kG , the orientation tim e has been 
measured to be from  2 to 8 hours (7, 8).
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4.3 THE STRUCTURE OF L IQ U ID  C R YSTALLIN E POLYMERS: THE 
CONTINUUM THEORY
Since liq u id  crysta lline  polymers are a fa ir ly  recent research 
to p ic , the m echanism  o f dom ain fo rm a tio n  is not very w e ll 
understood. Several theories have been postu la ted fo r  the 
rheo log ica l properties o f liq u id  crysta lline polymers. Because each 
theory has d iffe rin g  assumptions, a theory may be valid  on ly fo r a 
specific physical situation. One explanation is called the continuum 
theory (9, 10). In this model, D o i (11) extends a description o f low  
m olecu lar w e ight liq u id  crystals postulated by Leslie and Erickson 
(12) to liq u id  c rys ta llin e  polym ers. Th is m odel is based on 
conservation laws w h ich in  turn produce constitu tive  equations to 
describe the changes and stab ility  o f the director's orientation. One 
o f the consequences o f this theory is that the director should remain 
unchanged under shear re la tive  to the d irec tion  o f f lo w . This 
prediction is confirm ed fo r low  molecular weight crystals. In liqu id  
crysta lline polymers, however, there appears to be a tum bling o f the 
d irector w ith  shear. The inconsistency may be due to the sensitiv ity 
o f the model, and uncertainty in  experimental measurements.
One obvious shortcom ing in  the D o i-Leslie -E ricksen theory is 
the assumption o f a continuum  structure in  the polym er. On a 
macroscopic basis, this assumption is n u llif ie d  by the very existence 
o f the domain structure. Though the D o i theory may not seem 
d ire c tly  app licab le , i t  can q u a lita tiv e ly  account fo r  some flo w  
phenom enon such as co n ce n tra tio n  and m o le c u la r w e ig h t
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dependence and extensional f lo w  behavior (13). On a m icroscopic 
basis, the continuum  assumption is not as unreasonable and the 
theory has accurately predicted director tum bling w ith  shear (9). I t  
is the in a b ility  o f this theory to consider domain structure and the 
lack o f reliable experimental data that lim its  its uses.
4 .4  THE STRUCTURE OF L IQ U ID  C R Y S TA LLIN E  POLYMERS: THE 
DISCLINATION THEORY
Another explanation fo r the influence o f domains on rheological 
properties is the d isc lin a tio n  theory (13). Here the rheo log ica l
properties are believed to be a result o f the defects in  a material
called d isc lina tions. In  the area around a d isc lina tion , the liq u id  
c rys ta lline  po lym er molecules fo rm  domains o f unoriented m aterial 
w ith  an order parameter o f zero. These unoriented domains are then 
stacked upon one another w ith  no pattern and the net order 
parameter is also zero. When the liqu id  crystalline polym er solution 
is sheared, i t  is the interaction between the domains that govern the 
m acroscop ic  rh e o lo g ic a l p rope rties  since the nature o f the
disclinations themselves are not very w e ll understood, this theory is 
lim ite d  in  its  uses. H ow ever, properties such as shear rate 
dependence o f v isco s ity  and norm al stress d iffe rences, v iscos ity
dependence on domain size, and the effects o f some shear h istory 
have been qua lita tive ly  confirm ed.
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4.5 THE STRUCTURE OF L IQ U ID  C R YSTALLIN E  POLYMERS: THE 
POLYDOMAIN THEORY
The th ird  theory fo r the mechanism o f domain structure is the 
polydom ain theory (10, 14, 15). Here the domains contain an array 
o f oriented liq u id  crysta lline  po lym er molecules around a director, 
opposite to the assumption in  the disclination theory. These domains 
are then arranged w ith  a random d is tribu tion  o f the directors in  the 
ind iv idua l domains. Because there are no net orientation effects, the
domains cannot e ffe c tive ly  in te ract w ith  one another, in d ica tin g
some sort o f p iled interdomain structure. An experimental d iff ic u lty  
w ith  this theory is the in a b ility  to study the domain shape. In order 
to make experim enta l observations, the liq u id  crys ta lline  po lym er 
samples have to be th in—provid ing fo r s ignificant w a ll effects. These 
w a ll e ffects w i l l  in h ib it  the orien ta tion  developm ent w ith in  the 
domains and the form ation o f the p iled  structure. S till, there has 
been reasonab le  q u a lita t iv e  p re d ic tio n  o f v is c o s ity  versus 
concentration and shear rate dependency.
4 .6  CLASSES OF LIQ UID  CRYSTALLINE POLYMERS
L iq u id  c rys ta llin e  po lym ers are d iv id ed  in to  tw o classes 
depending on the conditions necessary to fo rm  a mesophase. The
firs t  type o f liq u id  c rys ta lline  polym ers is termed therm otrop ic. 
Therm otropic liq u id  crysta lline  polymers w i l l  revers ib ly go from  a 
solid phase to a mesophase at some characteristic temperature. A t a 
h igher cha racte ris tic  tem perature, the liq u id  c rys ta llin e  po lym er
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solution w i l l  reversib ly go from  the mesophase to the liq u id  phase. 
(1, 16, 17)
The second class o f liq u id  crystalline polymers is the lyo trop ic 
class. In  this class, the liq u id  crystalline mesophase w il l  be isotropic 
or unordered at low  po lym er concentrations. A t a characteristic
concentration o f polym er called the A -po in t, the polymers w il l  begin 
to fo rm  a mesophase that is anisotropic, or contains a crysta lline  
structure in  one d irection only. The anisotropic phase w i l l  be in 
e q u ilib r iu m  w ith  the iso tro p ic  phase. As the concentration o f
po lym er increases, the volume fraction o f the anisotropic phase w ill
also increase. A t the same tim e the re la tive  concentration o f 
po lym e r w i l l  rem ain constant in  each phase--on ly the volum e 
fraction  w il l  change. A t a second characteristic concentration called 
the B -p o in t, the liq u id  c ry s ta llin e  p o lym e r so lu tio n  w i l l  be 
homogeneously anisotropic. The critica l concentrations o f polymer, A 
and B, depend on the temperature o f the system, the degree o f 
po lym eriza tion  o f the particu lar polym er, and the particu la r solvent
used. (2, 16).
4 .7  TYPES OF LIQ UID  CRYSTALLINE POLYMER MESOPHASES
The viscosities o f the solution in  each phase are generally
unrelated. The solution in  the more concentrated anisotropic phase
is always much greater than in  the iso trop ic phase. In  a d ilu te
solution, the viscosity o f the solution w ill be near the viscosity o f the
pure solvent. As the concentration o f the liq u id  crysta lline polym er
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increases, the v iscosity w i l l  also increase. A t the A -po in t o f the 
system, a p lo t o f v iscosity  versus concentration w i l l  have a sharp 
d iscon tinu ity  and become negative. The v iscosity  in  this biphasic 
reg ion continues to decrease w ith  increasing po lym er concentration 
as the volume fraction o f the anisotropic phase increases u n til the B- 
p o in t is reached. The v iscos ity  versus concentration curve then 
becomes p o s itive  again and continues to increase w ith  liq u id  
crysta lline  po lym er concentration in the solution.
4.8 THE NEM ATIC LIQ UID  CRYSTALLINE POLYMER MESOPHASE
W ith in  the the rm o trop ic  and ly o tro p ic  classes o f liq u id  
crysta lline  polym ers, there are three general phase types, depending 
on the m o lecu la r arrangem ent. The s im p lest type o f liq u id  
c rys ta llin ity  is the nematic phase. In  this phase, the long axes o f the 
po lym er molecules are generally para lle l w ith  random ly d istribu ted 
centers o f gravity.
4 .9  THE SMECTIC LIQ UID  CRYSTALLINE POLYMER MESOPHASE
The second type o f liq u id  crys ta lline  po lym er phase is the
smectic phase. This phase o f polymers consist o f stratified structures 
w ith  the molecules long axis paralle l to each other in  layers w ith  the
centers o f gravity ly ing  in equidistant planes. E ight d iffe ren t smectic
type phases have been iden tified  w ith  d iffe ring  specific orientations 
o f the molecules w ith in  a layer.
A  c la ss ifica tio n  o f sm ectic liq u id  crysta ls developed by
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Sackmann, A rno ld , and Demus is based on the m isc ib ility  rule, which 
states that smectic liq u id  crystals are o f the same type i f  they are 
m iscib le in  a ll proportions (17). This criteria  is generally applicable, 
how ever more subtle d is tin c tio n s  between the types o f liq u id  
crysta ls  can be made based on the order in  w h ich  d iffe re n t 
mesophases w i l l  appear, m icroscop ic  op tica l textures, and x-ray 
d iffra c tio n  patterns, the com m only used nomenclature o f the smectic 
mesophase types are assigned the letters A -H  based on the order in 
w hich they were discovered.
4.9.1 THE A  TYPE SMECTIC MESOPHASE
The A  type o f smectic mesophase i f  the least ordered o f the 
e igh t types. Here, the liq u id  c rys ta lline  po lym er m olecules are 
arranged in  layers w ith  the average direction o f the long axis o f the 
molecule perpendicular to the plane o f the layer. W ith in  each layer, 
the molecules are random ly d istribu ted and have great freedom o f 
trans la tion  and ro ta tion  around the m olecules long axis. This 
freedom o f m otion allows the m olecular layers to be quite flex ib le  
and allows the layers to freely slide past one another. Therefore, the 
v isco s ity  in  the d irec tion  o f the layering w i l l  be less then the 
v isco s ity  perpend icu la r to the laye ring  due to the tendency to 
m aintain the structure o f the smectic layer.
Based on the results fro m  x-ray re fle c tion s  fro m  smectic 
planes, i t  has been proposed (17) that some smectic A  mesophases 
are t ilte d  structures w ith  the long axis o f the m olecule m aking a
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considerable angle w ith  the norm al to the plane. This proposed 
structure  has not been con firm ed  by more d ire c t observation 
m ethods.
A l l  o f the smectic A  mesophases so far discovered exist at the 
high temperature end o f the regions where more than one smectic 
mesophase occurs. Furtherm ore, a ll smectic A  mesophases are 
o p tica lly  un iax ia l and usually show pseudoisotropic or homeotropic 
texture where the m olecu lar layers are pa ra lle l to the physica l 
supporting surface and the op tica l axis is perpend icu lar to the 
supporting surface.
4 .9 .2  THE C TYPE SMECTIC MESOPHASE
The smectic C type o f mesophase is very sim ilar to the smectic 
A  type mesophase in  that the molecules are arranged random ly in  a 
layer, are fa ir ly  free to move around, and the layers slide freely past 
one another. The m ajor d iffe rence between the smectic A  and 
smectic C mesophase is that the liqu id  crystalline polym er molecules 
in  the smectic C mesophase are tilted w ith  respect to the plane o f the 
molecular layer (2, 17).
Evidence o f the m olecular t i l t  can be obtained from  x-ray 
d iffra c tion  studies o f monodomains (16, 17) and the measurement o f 
t i l t  angles by a variety o f techniques. Further evidence comes from  
the observa tion  that the th ickness o f a m o lecu la r laye r is 
cons ide rab ly  less than the m o lecu la r leng th  in  a sm ectic C 
mesophase. Where as in  a smectic A  mesophase, the layer thickness
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is nearly equal to the m olecu lar length. A lso , the smectic C 
mesophases are o p tica lly  b ia x ia l w h ile  smectic A  mesophases are 
o p tica lly  un iaxia l.
Some experimenters [LC  14, 15] have observed two d iffe ren t 
types o f smectic C mesophases: one mesophase where the average
angle between the m olecular axes and the normal to the m olecular 
plane is independent o f temperature and another mesophase where 
the angle is dependent on the temperature. A d d itio n a l evidence 
indicates that the t i l t  angle may also be dependent on experimental 
conditions such as the pressure and magnetic fie ld  strength.
4.9.3 THE C TYPE SMECTIC MESOPHASE
The smectic B mesophase is sim ilar to the smectic A  mesophase 
except that the molecules w ith in  a m olecu lar layer are ordered 
rather than disordered. The molecule rotates around its molecular 
axis and e ffective ly creates a cy lindrica l unit. These cy lind rica l units 
are packed an a hexagonal fash ion w ith  the m o lecu la r axes 
perpendicular to the m olecular plane. This m olecular structure is 
confirm ed by x-ray d iffrac tion  studies (15, 17).
4 .9 .4  THE H  TYPE SMECTIC MESOPHASE
The H  type smectic mesophase is sim ilar to the B type smectic 
mesophase except that the liq u id  crystalline molecules are tilted  w ith  
respect to the molecular plane. This type o f mesophase is sometimes 
referred to as the B t or B t i l t  smectic mesophase. the t i l t  o f the
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molecules introduces a degree o f asymmetry and elim inates the true 
hexagonal structure. This was confirm ed experim enta lly when the 
measured la tt ic e  param eters ind ica ted  dev ia tions  fro m  a true 
hexagonal structure (17).
4 .9 .5 THE D TYPE SMECTIC MESOPHASE
O nly a few  compounds exh ib it the smectic D mesophase and 
lit t le  is known about it. Based on x-ray d iffrac tion  patterns, smectic 
D mesophases are found to be isotropic w ith  a structure o f cubic close 
packing o f spherical units consisting o f several molecules. W insor 
(18) proposes ro ta ting  units composed o f g lobu lar assemblies o f 
para lle l molecules. Such a structure does not have layers generally 
thought o f as characte ris tic  o f smectic phases. I t  has been 
questioned i f  th is  s tructure  should be considered a sm ectic 
m esophase.
4 .9 .6  TH E E  TYPE SMECTIC MESOPHASE
The smectic E mesophase is another rare mesophase in  which 
the m olecu les e x h ib it  a non-hexagonal la ttice  w ith  a three 
dim ensional structure w ith in  a m olecular layer as confirm ed by the 
measurements o f un it ce ll dimensions. I f  the molecules w ith in  a 
layer are perpendicular to the layer, the mesophase is designated as 
an En mesophase, whereas i f  the molecules are tilted  w ith  respect to 
the m o lecu la r layer, the mesophase i f  designated an an E t 
m esophase.
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4.9 .7  THE F AND G TYPE SMECTIC MESOPHASES
The F and G types o f smectic mesophases have been reported 
as in te rm ed ia te  structure w ith in  the phase sequences o f liq u id  
c rys ta llin e  structures:
Is -> A  -> C -> G -> X I 
Is -> A  -> C -> F -> G -> X I 
where Is represents an iso tro p ic  liq u id  and X I represents the 
c ry s ta llin e  phase. The experim en ta l data ind icates a strong 
s im ila r ity  between the smectic F mesophase and the smectic C 
mesophase. In  fact, the on ly apparent d ifference between the two 
mesophases is that the t i l t  angle in  smectic F mesophases are much 
greater than that in  the smectic C mesophase. Some suggest that the 
differences in  the t i l t  between the smectic F and C mesophases may 
be less than the variations among the smectic C mesophases. Bases 
on data from  x-ray d iffrac tion  experiments, the smectic G mesophase 
has an ordered arrangem ent o f t ilte d  m olecu les in  a three 
dimensional lattice (17). The differences between the Bt, Et, G, and H 
mesophases are very subtle w ith  close relations between each.
4 .1 0  THE CHOLESTERIC MESOPHASE
The th ird  type o f liq u id  c rys ta lline  po lym er phase is the 
cholesteric phase, sometimes called the skewed nematic phase. Here 
the molecules are in  layers o f nematic planar structure arranged in  a 
super h e lix  w ith  each layer rotated by an angle ph i from  the 
previous one. The long axes o f the molecules w ith in  the layers are
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perpend icu lar to the tw is t axis o f the he lix . For a lyo tro p ic , 
cholesteric liq u id  c rys ta lline  po lym er in  a so lution w ith  constant 
so lvent concentra tion , temperature, and pressure, the cholesteric 
he lix  w i l l  have a constant pitch. I t  is the cholesteric type o f liqu id  
crysta lline polymers which can produce the optical effect o f the most 
interest w ith in  the scope o f this research.
4.11 THE T H E R M O D Y N A M IC A L BASIS FOR L IQ U ID  C R YSTALLIN E
FORMATION
The pioneering w ork on cholesteric liq u id  crysta lline polymers 
was performed by Commer Robinson in  the 1950's (2, 3, 4). W hile  
s tudying so lu tions o f po ly -a lph a -ben zy l-L -g lu ta m ate  (P B LG ) and 
po ly-a lpha-benzyl-D -g lutam ate (PBDG) in  various solvents, Robinson 
discovered that above the c r it ic a l concentration o f the A -po in t, a 
cholesteric liq u id  crysta lline po lym er solution w i l l  appear b r illia n tly  
colored when viewed between two crossed polarizers.
The reason that po lym er solutions fo rm  mesophases derive 
from  the orientations that the polym er molecules can achieve in  a 
concentrated solution. The firs t models o f macromolecules assumed 
that each o f the carbon-carbon bonds in the molecule were flex ib le . 
F lo ry  (17, 19) calculated the configurationa l dimensions o f polym er 
m olecules in  d ilu te  solutions. F lo ry  found that the measured 
con figu ra tiona l dimensions were often tw ice the calculated values. 
This find ing  led to the conclusion that some polymer molecules have 
s tiff, r ig id  sections w ith  sections o f great fle x ib ility .
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The thermodynam ical basis fo r this theory lies in  the energy 
requirem ents fo r a m olecule to resist bending. W hen po lym er 
molecules are in  a dilu te solution, there is plenty o f room fo r them to 
bend and achieve a compact configuration. A t a c ritica l concentration 
o f polymer, there w il l  be no more room for the polymer molecules to 
be in  the ir natura l con figu ra tion . Thus any add itiona l po lym er 
molecules must be in the unbent, higher energy configurations. Due 
to the asymmetry o f a not com pletely r ig id  polym er molecule, the 
most e ffic ie n t way fo r them to pack is in  a side-by-side fashion. 
Since the entropy o f po lym er molecules in  an anisotropic liq u id  
c rys ta llin e  phase is h igher than that o f the random ly oriented 
po lym er molecules in  the iso trop ic  phase, the ordered mesophase 
w i l l  fo rm  spontaneously. F lo ry  predicts that sem i-flexib le  molecules 
such as cellulose and cellulose derivative should spontaneously form  
a mesophase at a high enough polym er concentration.
F lo ry  derived an expression fo r the free energy o f m ix ing  
between pure solvent and a com plete ly ordered po lym er using a 
la ttice model. For a polym er molecule w ith  any segment at a fixed 
p o in t on the la ttice , any ad jo in ing  m olecule has on ly  one site 
available w ith  a conform ational energy lower than other sites by an 
amount e. There is a fraction, f, o f bonds in  the polym er molecule 
that are not in  the lowest configurational energy and can express a 
measure o f the degree o f chain bending or f le x ib i l i ty .  A t 
equ ilib rium , the fraction o f bonds not in  the lowest configurationa l
T -3 9 4 3 43
energy state is expressed as f eq. The variable f eq is a function o f 
temperature, but is independent o f the concentration o f the liq u id  
crysta lline  polymers. W ith  a m ixture o f n i solvent molecules, n2 
polym er chain segments on a la ttice w ith  a molecular weight o f x, a 
la ttice  coord ina te number z, and a so lven t-po lym er in te rac tion  
parameter o f X , the Gibbs free energy o f m ixing is given by:
AGm = RT nl^nvl + n2^nv2 + Xxn2v2 _ «2^nx-  n2^n^-^-j-112(x -  z)ln
( i - f e q )
( 1)
For a high enough m olecular weight and a low  enough fraction o f 
bonds no t in  the low est c o n fig u ra tio n a l energy, there is a 
concentration o f polym er molecules v2c where the Gibbs free energy 
o f m ix in g  is pos itive , and thus the iso tro p ic  phase becomes
therm odynam ically unstable. Thus, part o f the polym er solution w il l  
convert to an anisotropic mesophase to compensate fo r the Gibbs free 
energy o f m ixing.
The concen tra tion  o f po lym e r m olecules at th is  c r it ic a l
concentration , or A -p o in t, is dependent on the temperature, the 
e q u ilib r iu m  fra c tio n  o f chem ica l bonds no t in  the low est
con figura tiona l energy, and the polymer's m olecular weight. Since 
feq  can be calculated as a function o f the volume fraction o f polymer 
m olecules, and the molecules aspect ra tio  P, the A -po in t can be
calculated as:
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8H ,
v 2c “ ^ 1 T ^  ( 2 )
Hence the solution is a m ixture o f an iso trop ic  mesophase w ith  a 
vo lum e fra c tio n  v2c and an anisotropic phase o f a s ligh tly  larger 
volum e frac tion  v 2 c l  when the overall volume fraction o f polym er 
v2  satisfies the equation:
v2 c < v 2 < v 2cl (3 )
and the solution is a homogeneous anisotropic mesophase when:
v2 > v2cl ( 4 >
For a sem i-rig id  po lym er m olecule, the persistence length, or the 
actual distance a polym er molecule extends in  a given direction, is 
used in  the calculation o f the aspect ra tio  rather than the polym er 
molecule's actual length.
4 .12  M A TH E M A TIC A L FORM ULATION OF THE MEASURED INTENSITY
AS A  FU N C TIO N  OF THE O R IE N TA TIO N  OF THE O PTICAL
COMPONENTS
The intensity and polarization characteristics o f a sample in the 
static stand are in  general dependent on the o rien ta tion  o f the 
molecules o f the sample and the degree to which the molecules are in 
a un ifo rm  alignment. The in tensity o f the laser beam as measured 
by the photodetector is measured at d istinct values o f the orientation 
o f the laser and p rim ary  po la rize r apparatus, o rien ta tion  o f the 
c ry s ta llin e  sample in  the gap in  the e lectrom agnet, and the
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orientation o f the analyzer. Various sources (16, 20) have discussed 
the mathematical form  o f the expected intensity o f the laser beam as 
a function o f the orientation o f the three optical units. Using these 
m athem atica l functions w ith  the discrete experim enta l values o f 
in tens ity  at various po la rizer orientations, non-linear m u lti-va riab le  
regressions are perform ed to deduce the orienta tion parameters o f 
the sample in  the static stand.
In  the discussion o f the modeling o f the in tensity o f the laser 
beam as a function o f the laboratory parameters o f the system, the 
fo llow ing  nomenclature w il l  be used through out. As shown in  Figure 
9, the subscript o f each in tensity term denotes the element that the 
laser beam has ju s t passed through. The actual intensities measured 
in the laboratory are IL  and I jy j. These intensities w il l  be related to
Primary Quartz Quartz
Polarizer Plate LCP Plate Analyzer Photodetector
Laser
!L lP l  1 JQ2
Figure 9: Nomenclature o f the Lasers Intensity at Various Points in 
the Lasers Path
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the in tens ities in  and out o f the LCP sample by the in tens ity
reduction constants derived in  section 4.15.
As the laser beam passes through the various o p tica l
com ponents and the LCP sample, the angle o f the plane o f 
po la riza tio n  w i l l  also be changed according to the po la riza tion
characteristics o f the media. This angle o f polarization, as shown in 
Figure 10, is measured from  the lines o f magnetic force to the plane 
o f the electronic fie ld  o f the polarized laser beam. Notice in  this 
figure, that the only planes o f polarization that can be controlled by 
the experimenter are the plane o f po la riza tion at the analyzer and
the plane o f po la riza tion  o f the laser beam at the laser-prim ary 
po la rizer unit.
The angles o f the planes o f polarization are defined to be from  
the lines o f force to the plane o f the electronic fie ld  o f the laser
beams ligh t. F igure 11 schem atically represents the angles o f the
analyzer polarizer and the LCP sample. In  this figure, 0  is the angle
o f orien ta tion o f the analyzer polarizer. The parameter X is the
average angle that the long axes o f the liq u id  crysta lline  polym er 
molecule makes relative to the magnetic fie ld.
4.12.1 THE MEASURED INTENSITY OF THE LASER B E A M  THROUGH 
CROSSED IDEAL POLARIZERS
For the type o f optical configuration jus t described, an equation 
to describe the intensity o f the laser beam at the photodetector w ith  
the planes o f polarization o f the prim ary and the analyzer polarizers















Figure 10: O rien ta tion o f the Planes o f Po lariza tion  o f the Laser 
Beam at Various Points A long the Laser's Path





Figure 11: D efin itions o f the Angles o f the Planes o f Polarization
o f the Laser Beam.
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in  a crossed or perpendicular position is:
I  = I q sin;- 2( j ) s in2(2(x-6) )  (5)
where as defined in  figu re  1, I  is the in tensity  o f the laser beam 
ex iting  the sample, Io  is the in tensity o f the laser beam entering the 
sample, X is the average angle between the magnetic fie ld  and the 
po lym e r m olecules in  the sample, 0  is the angle between the 
m agnetic f ie ld  fro m  the plane o f p o la riza tio n  o f the p rim ary  
polarizer, and delta is the retardance. The retardance, 6 ,  is related to 
the birefringence, A  n, through the equation:
S = (6 )
where X is the wavelength o f the laser lig h t and d is the gap 
th ickness.
4 .12 .2  MEASUREMENTS FOR THE AVERAGE O R IEN TATIO N  ANG LE 
AND RETARDANCE FROM EQUATION 5
In  order to deduce the values o f the retardance and the 
orientation, the in tensity must be known at two d iffe ren t conditions 
to generate two equations and two unknowns. Chow and Fu lle r (20) 
obta in the second equation by using a tw o co lo r b ire fringence 
technique that employs tw o laser beams. In  the ir method, they f ix  
the prim ary po larizer at some position. They sim ultaneously shine 
tw o laser beams o f d iffe ren t wavelengths through the sample and 
measure the in tensities. The tw o equations are in  terms o f the
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unknowns X and A  n at a constant value o f 0 .
This method would not be useful fo r the designed apparatus
because there is on ly one laser and a fixed  wavelength. A  more 
econom ica lly feasible method is to f ix  the value o f the retardance 
and measure the in te ns ity  at d iffe r in g  values o f the prim aries 
orien ta tion . The equations can be solved sim ultaneously fo r the
orientation and retardance. The birefringence can then be calculated
from  equation 6. The accuracy o f the value o f the birefringence w ill 
depend on the accuracy o f the gap thickness. I f  the gap thickness 
can be measured accurate ly enough w ith in  s tringen t econom ic 
lim ita tions, the birefringence w il l  be w ith in  an acceptable accuracy.
4 .12 .3  C A L C U LA T IO N  OF THE AVER AG E O R IE N TA TIO N  OF THE
Once the intensity is measured at two values o f the variable 0 ,  
simultaneous equations describing the in tensity can be w ritten in  the 
fo rm :
C om bining these equations and e lim ina ting  the term Io  produces 
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*1 _ l 2 
sin2(2 (x -6 ] )) sin2 (2 (x -6 2))
Rearrangement yie lds the equation:
f  (x) = I j  Sin2 (2(x ■- 02)) ■-12 Sin2 {l[%-© J )  = 0 (10)
w h ich can be solved through a variety o f numerical techniques. A  
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Figure 12: f(C h i) versus Chi.
This equation w il l  have eight roots fo r the value o f X . Four of 
these roots -are meaningless because they require values o f the sine
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o f the retardance in  equation 11 to be greater than one. The four 
rem aining roots are spaced at ninety degree intervals to one another. 
Two o f these roots are geom etrically inva lid  because they im p ly  the 
molecules a lign perpendicular to the fie ld  instead o f para lle l to the 
fie ld . The remaining two roots are 180 degrees apart and are the 
correct roots.
W ith  the value o f the average orientation angle now known, 
the retardance o f the sample can be calculated using either o f the 
two orig ina l simultaneous equation. From equation 3, the retardance, 
6 ,  is:
Using the values o f the retardance and orienta tion to p red ic t the 
in tens ity  o f the transm itted laser at other values o f the prim aries
orien ta tion  in  general does not produce reasonable results. The 
predicted and experimental values o f the in tensity are out o f phase, 
w h ile  the absolute m axim um  magnitude o f the lasers measured 
in te n s ity  agree. Furthe rm ore , equation 5 im p lie s  that the
transm itted in tensity  should be n u ll when the prim ary po larizer is 
pa ra lle l to the average orientation. However, these values o f the 
average o rien ta tion  and retardance are fa ir ly  close to the best
pred iction values. They are used as firs t guesses in  the computer
programs used to perform  the complete mathematical analysis.
I 1
( I D
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4 .12 .4  D E R IV A T IO N  OF TH E N O R M A L  E Q U A TIO N S  USED IN  
C A L C U L A T IO N  OF AVE R A G E  O R IE N TA TIO N  A N G LE  A N D  
RETARDANCE
One way to increase the accuracy o f the predicted values o f the 
orienta tion angle and retardance is to perform  the measurements o f 
the in te ns ity  through crossed po larizers at several values o f the 
o rien ta tion  o f the prim ary  po la rize r. The results must then be 
calculated through a non-linear m u lti-va riab le  regression o f equation 
8 by the technique described be M ille r  and Freund (21).
For any pa rticu la r measurement, the predicted in tens ity  and 
the actual measured in tensity are related through the equation:
I. = I*  + £• ( 12)i l l  v '
where I i  is the predicted in tensity, 1̂  is the measured in tensity, £ i is
the e rro r in  the p re d ic tio n , and i is the counte r va riab le . 
Rearrangement o f this equation defines the error fo r the i'th  data 
po int to be:
e. = I. - 1* (1 3 )i l l  v
The total error o f the regression can be defined to be the sum o f the 
squares o f the errors fo r each data point:
2 2 n - n ,  n r  ^ r % \  /  x \ V
j  -  s k - w i I V k * - ® . ) ) !  <>-*>
i = 1 i = 1 i = l v v y V
The question now becomes what values o f the orientation angle and 
the retardance w i l l  m in im ize  this tota l error. M athem atica lly , the
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so lu tion is to take the pa rtia l derivatives o f the to ta l error w ith  
respect to X and 6 ,  set each equal to zero, and solve the resulting 
norm al equations s im ultaneously. Taking the p a rtia l deriva tives
w ith  respect to each unknown variable and using the double angle 
form ulae yie lds:
as the n o rm a l equations. S o lv in g  the no rm a l equations 
sim ultaneously w i l l  produce the num erical values o f the parameters 
X and 6  that m in im ize the total error o f the regression as defined by 
equation 14.
A  solution technique has been programmed on a m ain-fram e 
computer. An in it ia l estimate o f the orientation angle is calculated 
by solving equation 10 by the bisection method. W ith  this value, the 
estimate o f the retardance is calculated by equation 11. Starting 
w ith  these two values, equations 15 and 16 are repeatedly solved by 
the bisection method u n til consecutive iterations produce values that 
lie  w ith in  a specified tolerance.
4 .13  AN ALYSIS OF THE M IN IM U M  TRANSMITTED INTENSITY
A  characteristic o f equation 1 is that the measured in tensity is 
predicted to be nu ll when the average orientation o f the molecules o f
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the sample are perpendicular to either the prim ary po larizer or the 
analyzer. Experim ental evidence indicates that these predictions are 
not true. The actual sample consist o f a large group o f molecules 
w ith  an average orientation w ith  respect to the magnetic fie ld  and a 
d is tribu tion  o f m olecular orientations about this average. When the 
orienta tion o f the prim ary po larizer is perpendicular to the average 
orientation o f the sample, the molecules near the average w il l  absorb 
nearly a ll the incident ligh t. The re la tive ly  few molecules that are 
fa r from  the average w il l  transm it a large portion  o f the incident 
ligh t. When the total intensity is measured at the photodetector, the 
in tensity w il l  not be zero because o f the pa rtia lly  transmitted ligh t.
4.13.1 P R ED IC TIO N  OF TH E M EASURED IN T E N S IT Y  THRO UG H 
CROSSED POLARIZERS CONSIDERING THE M O LE C U LA R  
DISTRIBUTION
Because the laser lig h t is affected by molecules spread out over 
a d is tribu tion  o f angular orientations, a more representative equation 
o f the in tensity through crossed polarizers would be o f the form :
where r\ , the in tens ity  transm ission factor, is a measure o f the
amount o f  lig h t transmitted by the sample w ith  crossed polarizers.
Q u a lita tive ly , this parameter is zero when the m olecules have a
perfect un ifo rm  alignm ent about the average.
(1 7 )
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4 .13 .2  THE N O R M A L EQUATIONS TO C ALC U LATE THE AVERAGE 
M O LECULAR ORIENTATION CONSIDERING THE M OLECULAR 
DISTRIBUTION
In the same way the norm al equations were derived fo r the 
case o f equation 1, the total prediction error fo r equation 17 is:
Taking the pa rtia l derivatives w ith  respect to the three unknown 
parameters X , 6 ,  and r| the three normal equations are:
A ny solution to this set o f three simultaneous equations and three 
unknowns provides a set o f parameters that m inim izes equation 18.
The so lu tio n  techn ique  program m ed onto a m ain fram e 
computer is to use the same in it ia l guesses o f the average orientation 
and retardance given by equations 10 and 11. The firs t guess o f the 
transm ission factor is the m in im um  measured in tensity  d iv ided by 
the in c id e n t in te n s ity  to the LCP. U sing these three in it ia l 
parameters, equations 19 and 20 are solved sim ultaneously fo r the 
values o f the o rien ta tion  and retardance by the same ite ra tive
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procedure used in  the two parameter model. W ith  these two new 
values, equation 21 is solved by the bisection method fo r the value 
o f the m in im um  transmitted in tensity  that m inim izes the to ta l error 
o f prediction. The equations are solved in this paired o ff  fashion to
help increase the s ta b ility  o f the a lgo rithm . The ite ra tion  is
continued using the new values o f the three unknown parameters at
each step u n til successive results are w ith in  a specified tolerance.
This postulated three parameter m odel has tw o  advantages 
over the tw o parameter model o f equation 1. F irs t, since the 
m athem atical regression equation is more phys ica lly  rea lis tic , the 
value o f the average molecular orientation should be more accurate. 
The d iffe rence between the orientations given by each model is 
small, but these measurements are made at the very po in t where the 
rate o f change o f the measured in tensity w ith  respect to the angular 
positions is the largest. In other words, the measurements are being 
made at the most sensitive spot. The second advantage is the 
q u a lita tiv e  in fo rm a tio n  gained fro m  the m in im u m  transm itted  
in te n s ity . The la rger the m in im um  in te n s ity , the la rge r the 
d is tribu tion  about the calculated average.
4 .1 4  M E A S U R E M E N T OF THE D IS T R IB U T IO N  OF PLANES OF 
P O LA R IZA T IO N  OF THE LASER L IG H T  IN C ID E N T  UPON THE 
ANALYZER
E ithe r the tw o or three parameter m odel fo r  the measured 
in tens ity  through crossed polarizers can be used to calculate the
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average o r ie n ta tio n  o f the sam ple's m o lecu les . H ow ever,
measurement o f the d is tribu tion  o f the planes o f po larization o f the 
laser lig h t leaving the sample can give a better description o f the 
op tica l effects the sample has on the laser beam. These optical 
effects can, in  turn, give insight in to  the molecular configuration that 
produced these effects.
4.14.1 D E R IV A T IO N  OF THE EQ U ATIO N S TO DESCRIBE THE
DISTRIBUTIO N OF THE PLANES OF PO LAR IZATIO N OF LIG H T 
INCIDENT TO THE ANALYZER
In  the model to be derived, the incident lig h t to the analyzer is 
assumed to have a d istribu tion o f planes o f polarization described by 
the geometry o f figure 2. For a given arbitrary angle o f the plane o f 
po larization o f the incident laser ligh t cp , I(cp) is the intensity o f ligh t 
in  this plane. I j(c p  ) is the in tensity  o f the laser lig h t transmitted
from  the cp plane, and I t  is the total in tensity o f a ll the transmitted
laser ligh t.
M alus' law  (22) describes the in tensity o f lig h t transmitted by 
two polarizers to be:
I  = I Qcos2 a (2 2 )
where I  is the transmitted intensity, 10 is the in tensity incident upon 
the second polarizer, and alpha is the angle between the planes of 
transmission o f each polarizer. When the analyzer is at an arbitrary 
pos ition  p , the in tensity o f the laser lig h t transmitted from  the cp 
plane is:
AMTMU& LAKES LI* RAH* 
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T -3 9 4 3 59
I T W  = I0W COS (4>-P) (2 3 )
The to ta l measured in tens ity  w i l l  be the sum o f the in tensities 
transm itted by every plane.
IT = £ l 0 (<t>)cos2 (<|>-p) (2 4 )
♦
This measured in tensity w i l l  be exact i f  this calculation is performed 
over the entire range o f planes. However, fo r a f in ite  number o f 
planes, the tota l intensity is:
n r  \  r  \
JT = Jcos -P J  (2 5 )
i = 1
w hich approaches equation 24 as the number o f transmission planes 
goes to in fin ity . By measuring the total intensity at various angular 
positions o f the analyzer, a series o f equations o f the form :
.̂n =I0(*i)cos2(Vi-P)+ - +IoMcos2(*n-p) (26)
can be w ritten. The coeffic ien t o f each intensity term is a constant 
that can be calculated at each angular position. Replacement o f this 
constant produces a simple set o f n equations and n unknowns:
I-T,n — Al,n*ol^l J + ■" + A n,nI0 ^ n  J ( 2 7 )
By solving this set o f simultaneous equations, the in tensity  o f the
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inc iden t lig h t on each plane can be calculated. The larger the 
number o f planes, or size o f the set o f simultaneous equations, the 
more accurate the computed d istribu tion w il l  be.
4 .15  DERIVATION OF THE INTENSITY REDUCTION CONSTANTS
The mathematical technique fo r find ing  the average orientation 
angle uses calculations that depend on the re lative intensities o f the 
exiting laser ligh t. The calculation o f the retardance which is used to 
ca lcu la te  the b ire fringence depend also on the in te n s ity  o f the 
incident ligh t to the sample. Both these intensities can be affected by 
op tica l properties o f the po larizers and quartz w indows. These 
properties or im perfections cause the components to behave in a 
non-idea l manner. The equations as presented in  the lite ra tu re  
ignore  procedures fo r  considering the no n -id e a lity  o f the other 
com ponents.
4.15.1 THE GENERAL INTENSITY REDUCTION CONSTANT
The major sources o f error in the calculation o f intensities used 
in  the regression are re fle c tio n  from  both in te rfaces between 
components and a ir or po lym er, and absorption and scattering o f 
laser lig h t by the optical component itse lf. Each optical component 
can be considered in  an analogous fashion to derive an in tensity  
reduction constant.
Each o f the components can reflect ligh t at both the fron t and 
back interfaces. The in tensity o f the lig h t reflected by an interface
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between materials w ith  refractive indices n l  and n2 is:
r \2
( 28 )
where I  is the intensity o f the reflected beam, and Io is the intensity 
o f the inc iden t beam (22). The amount o f lig h t absorbed by a 
component can be described by the equation:
where k  is a material constant and t is the thickness o f the sample.
A  power balance can be formulated on the fron t and rear faces, 
and the in te rio r o f a component. Conservation o f energy implies that 
the power level o f the input laser beam plus the poser level o f the 
exiting beam plus the power level o f the beam reflected by the front 
and back faces plus the amount o f laser ligh t absorbed by the optical 
component is zero. App lica tion o f the conservation o f energy to the 
fron t interface produces an energy balance o f the form :
I - I  , - R  A  = 0  (30 )n nf nf n w'-v
Substitution o f equation 28 and rearrangement yields:
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I f - I  u - I  = 0  (32 )nf nb na w - w
Substitution o f equations 29 and 31 and rearrangement produces:
rnb =  ^ n f
(  - 1 1 1  
1 - e  n n ( 3 3 )
V /
And the corresponding energy balance on the back face o f the optical 
component is o f the form :
I nb - I n + l _ I nrb = 0 ( 3 4 )
Substituting equations 28 and 33 and rearrangement yields:
(  - k  t  ̂
1 -e  n n 
v J
( 35 )
Equation 35 im plies that the in tensity o f the lig h t leaving the nth 
optica l component is equal to the in tensity o f the lig h t entering the 
component times a constant that is a function o f constant m aterial 
properties. The constant co e ffic ie n t is defined as the in tens ity  
reduction constant and is denoted by the letter L. Thus:
1 = L  I (36 )n + 1 n n .
where Ln  is the in tens ity  reduction constant fo r the n'th optica l
com ponent.
The usefulness o f th is fo rm u la tion  is that ca lcu lation o f the 
intensities entering and leaving the sample w il l  invo lve only constant 
m u ltip lica tio n  factors. Determ ination o f this constant would require 
the measurement o f the ratio o f the exiting lig h t to the incident ligh t
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fo r a given ind iv idua l component.
4 .15 .2  M EASUREM ENT OF THE INTENSITY REDUCTION CONSTANT 
FOR THE QUARTZ WINDOWS OF THE STATIC STAND
The ca lcu la tion  o f the in tens ity  reduction constant fo r the 
quartz plates from  experim ental data is stra ight forw ard. Placing
consecutive quartz plates in  the laser beam and measuring the
transm itted in tensity w i l l  produce a data set o f two variables. The
in tensity  transmitted by n plates is expected to fo llo w  the form  o f
equation 36 and would be o f the form :
I = Ln I n ( 37 )n q p i w  }
The total error o f the prediction would be:
Thus the num erical value o f the in tensity reduction constant fo r the 
quartz plates, Lq,  is the solution to equation 39, which has to be 
solved by any o f a variety o f numerical methods.
i = 1
( 38 )
The corresponding normal equation would be:
( 39 )
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4.15.3  CALCULATION OF THE INTENSITY REDUCTION CONSTANT FOR 
THE POLARIZERS
The in tens ity  reduction constant fo r  the polarizers w ould be 
the ra tio  o f the measured in tensity to the expected intensity. Since
the optica l component is a polarizer, the measured in tensity  is also
dependent on the orienta tion o f the po la rizer w ith  respect to the 
plane o f the polarized laser beam. Using Malus* law  to relate the 
in tensity o f lig h t through ideal polarizers:
I = I q Cos2 cc ( 40 )
where a  is the angle between the planes o f polarization. Thus w ith  
an in tensity reduction constant, the measured in tensity should be:
I = L pI Qcos2 a (41 )
For a data set o f the measured intensity o f laser ligh t from  two 
polarizers at various angles between the planes o f po larization, the 
total error o f regression is:
A lgebra ic m anipulation produces the in tensity  reduction constant fo r 
the polarizers to be:
(42 )





4.16 USE OF THE IN T E N S ITY  RED UCTIO N CONSTANTS IN  THE 
CALCULATION OF RETARDANCE AND ORIENTATION ANGLES
The values o f the incident and measured intensities in  equation
17 are the in tens ities  entering and leav ing  the actual liq u id
c ry s ta llin e  p o lym e r sample. The in tens ities  measured in  the
laboratory are affected by the quartz plates
and the analyzer. For the laser lig h t entering the sample, the 
in tensity is corrected by:
I0 = L qIp l ( 45 )
where Ip  l  is the constant in tensity o f the laser leaving the prim ary 
po larizer at the end o f the laser apparatus. The value used as the 
measured in tensity is corrected by the equation:
where I m is the intensity as actually measured on the power meter.
I
( 46 )
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Chapter V  
RESULTS
The series o f experiments run on the experim ental instrument 
produced data o f varying qua lity  and un ifo rm ity . The overall results 
showed the general trends expected in a smooth and orderly fashion. 
H ow ever, the agreement between the actual experim enta l results 
and the predicted results ranged from  very good to mediocre.
5.1 MEASUREMENT OF THE INTENSITY REDUCTION CONSTANTS
The in te n s ity  reduction  constants were measured fo r  the 
quartz plates and fo r the Glan-Thompson polarizers. These intensity 
reduction constants were necessary to help accurately calculate the 
num erical values o f the laser’s in tensity at various positions along its 
path.
5.1.1 THE IN TEN SITY  REDUCTION CONSTANTS FOR THE QUARTZ 
PLATES
The in tens ity  reduction constants fo r the quartz plates were 
measured in  E xperim ent H4. The experim enta l data and the 
regression results as computed by equation 39 are shown in  Table 1. 
The in tens ity  reduction constant was calculated to be 0.993 w ith  a 
coe ffic ien t o f determ ination o f 0.990. This means that 99.3% o f the 
laser lig h t is transmitted by the quartz plates. The other 0.7% o f the 
laser lig h t is scattered inside the quartz plate, reflected o ff  the fron t
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o f the quartz plate before i t  enters, or is reflected o ff  the back face of 
the plate before i t  leaves. A  graphical comparison o f the predicted 
and the actual measured laser intensities are shown in  Figure 13. As 
seen, there is a general grouping o f the measurements around the 
p re d ic tio n s .
Table 1: Experim ent H4--M easurem ent o f the In tensity  
Reduction Constant o f the Quartz Plates
10 = 5.50 VIW
N u m b e r Q uartz
o f Th ickness
Plates (In ch e s )
0 0 .000 5.00 5.50
1 0 .127 5.19 5.13
2 0 .254 4.83 4.79
3 0.381 4.40 4.47
4 0 .508 4.19 4.17
5 0 .635 3.90 3.89
6 0 .762 3.62 3.63
Measured  P re d ic te d
I n t e n s i t y  I n t e n s i t y
(VIW) (vtW )
Lq = 0 .993  
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Figure 13: E xp erim e n t H 4--Laser In te n s ity  versus Thickness o f 
Q uartz P lates: The M easurem ent o f the In te n s ity
Reduction Constant o f the Quartz Plates.
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5.1.2 THE INTENSITY REDUCTION CONSTANTS FOR THE POLARIZERS
Experim ent H5 was a measurement o f the in tensity  reduction
constant fo r the G lan-Thompson polarizers used in  the instrument. 
By a sim ilar technique, equation 44 was solved fo r the value o f Lp to 
y ie ld  a value o f 0.923 w ith  a coe ffic ien t o f determ ination o f r^  = 
0.9996. The experimental data from  this run is given in  Table 2 w ith  
a corresponding graphical representation given in Figure 14. As seen 
in  the table and the accom panying p lo t, the measured laser 
measured laser beam in tensities are very close to the predicted 
in tens ities . This is fu rth e r demonstrated by the co e ffic ie n t o f 
determ ination o f 0.9996, ind ica ting  a near perfect f i t .  Thus the 
calcu la tion o f 92.3% transmission by the polarizers is probably very 
accurate.
5.2 MEASUREMENT OF THE ORIENTATION OF 40% POLYSTYRENE IN  
TOLUENE
In testing the design and experim ental procedure invo lved in 
the static stand, an experim ent to measure the orienta tion o f 40% 
polystyrene in  toluene was performed. W ith  the prim ary po larizer 
pa ra lle l to the lines o f magnetic force throughout the experiment, 
the in it ia l unoriented response was measured over the entire range 
o f the analyzer. Then the transient response o f the system was then 
measured over time intervals fo r six positions o f the analyzer. Next, 
the oriented response o f the system was recorded over a complete 
range o f the positions o f the analyzer The major objectives o f this
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experim ental run were to examine i f  the instrum ent can a lign the 
liq u id  crysta lline  polym er molecules to the lines o f magnetic force 
and what the transient response time would be fo r alignment. The 
results w i l l  be computed by the two and three parameter models.
Table 2:: Experim ent H 5—Measurement o f the In tensity  
Reduction Constant o f the Polarizers
io  = 5.39 ijlW
Measured  
a  I n t e n s i t y  
(Degrees) ( l^W )
Pred ic ted
I n t e n s i t y
(H W )
0 0 .000 0 .000
3 0 1.205 1.244
60 3.700 3.731
9 0 4 .960 4.965
120 3.790 3.731
150 1.300 1.244
180 0 .000 0 .000
2 1 0 1.270 1.244
2 4 0 3 .800 3.731
2 7 0 4 .950 4.975
3 0 0 3 .690 3.731
3 3 0 1.220 1.244
3 6 0 0 .000 0.000
L p = 0 .923 
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Figure 14: E xp e rim e n t H 5 --L a se r In te n s ity  versus the A n g le  
Between the P o la rize rs : The M easurem ent o f the
Intensity Reduction Constant o f the Polarizers.
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5.2.1 THE IN IT IA L  RESPONSE OF THE POLYSTYRENE
The in it ia l configuration o f the polystyrene was firs t measured 
w ith  the magnetic fie ld  o ff. The results o f this measurement is 
shown in  Table 3. The measurements o f the analyzer angle are those 
that were actually shown on the analyzer rotator itse lf and would be 
transform ed from  the laboratory coordinates they are in , in to  the 
coordinates used throughout the mathematical computations.
5.2.2 THE TRANSIENT RESPONSE OF THE POLYSTYRENE
The transient measurements used to judge when the liq u id  
crysta lline  po lym er sample had become aligned are shown in  Table 
4. The laser in tens ity  is shown at increasing tim e in terva ls at 
equa lly  spaced angular coordinates. In  this particu la r experiment, 
the liq u id  crysta lline  polym er sample is assumed to be aligned when 
i t  appeared that a smooth response had been obtained. One way to 
v iew  the transient response is to p lo t the measured laser in tensity 
versus the analyzer angle fo r various tim e in tervals. W hen two 
consecutive curves are nearly identical, or fa ll on top o f each other, 
the po lym er can be considered to be aligned. Such a p lo t o f the 
measured in tensity versus analyzer angle is shown in Figure 15. As 
seen in  F igure 15, the responses in  the last two tim e intervals are 
ne a rly  id e n tic a l, w ith  the m axim um  in te n s itie s  d if fe r in g  by 
approxim ately 10%. So, i t  was concluded that the liq u id  crystalline 
po lym er sample was nearly aligned to its  e q u ilib r iu m  m olecular 
o r ie n ta tio n .
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Table 3: Experim ent F12--The In it ia l Response o f 
40% Polystyrene in Toluene
F ie ld  Strength = 10 kG 
Sample Thickness = 0.00018 in
Laser In ten s ity
W ith  no polarizers: I  = 5.81 ]jlW
W ith  prim ary po larizer: I  = 2.53 jaW
A n a l y z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(iaW )
Analyzer
A n g le
(Degrees)
Laser
I n t e n s i t y
(iaW )
0 0.001 185 0.0L7
5 0 .010 190 0.039
10 0 .059 195 0.085
1 5 0 .106 2 0 0 0.175
2 0 0 .249 205 0.343
25 0 .3 80 2 1 0 0.528
3 0 0 .607 215 0 .744
35 0 .837 22 0 1.020
4 0 0 .982 225 1.160
45 1.170 2 3 0 1.170
5 0 1.410 235 1.230
55 1.520 2 4 0 1.190
6 0 1.570 24 5 1.050
65 1.560 2 5 0 0.971
7 0 1.490 255 0.910
75 1.420 2 6 0 0.851
80 1.360 265 0.871
85 1.320 2 7 0 0.884
90 1.370 275 0.906
95 1.420 2 8 0 1.120
(continued)
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Table 3: (co n tin u e d )
A n a l y z e r  Laser  Analyzer Laser
A n g le  I n t e n s i t y  A n g le  I n t e n s i t y



















2 9 0 1.430
295 1.640
3 0 0 1.780
305 1.740




3 3 0 0.461
335 0.295
3 4 0 0.173
345 0.107
3 5 0 0.055
355 0.018
3 6 0 0.001
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Table 4: Experim ent F12—The Transient Response 
o f 40% Polystyrene in  Toluene in a 10 kG 
Magnetic F ie ld
A n a l y z e r  Laser
T im e
(M in u te s )




1.10 0 0 .000
1.65 3 0 0.279
1.92 60 0.755
2 .22 90 0.127
2 .50 120 0.578
2 .82 150 0.103
3.08 180 0 .000
3.37 2 1 0 0 .054
3.67 2 4 0 0.137
4.05 2 7 0 0 .024
4.42 3 0 0 0 .159
4 .72 3 3 0 0.068
4.97 3 6 0 0 .000







10.37 2 1 0 0.276
10.80 2 4 0 0.869
11.42 2 7 0 0.323
11.78 3 0 0 0.873
12.15 3 3 0 0.419
12.40 3 6 0 0.001
(continued)
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Table 4: (co n tin u e d )
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T im e
(M in u te s )
A n a l y z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(yjiW)
12 .40 0 0.001
16.48 30 0.603
17 .42 60 1.850
17.75 9 0 2 .520
18.20 120 1.980
18.82 150 0.711
19.23 180 0 .004
19.57 2 1 0 0 .615
20 .03 2 4 0 1.810
20 .43 2 7 0 2 .260
20 .68 3 0 0 1.820
21 .10 3 3 0 0 .664
21 .42 3 6 0 0.001
5.2.3 THE ORIENTED RESPONSE OF THE POLYSTYRENE
A fte r the transient response o f the polystyrene sample reached 
its oriented, eq u ilib riu m  con figura tion , the response o f the system 
was again measured fo r the entire range o f angular orientations of 
the analyzer polarizer. The response o f this set o f measurements is 
summarized in Table 5. The oriented configuration o f the sample is 
g raph ica lly  compared to the unoriented configura tion in  F igure 16. 
The effect o f the magnetic fie ld  on the m olecular structure o f the 
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Analyzer Angle (Degrees)
----- ■---- Initial Configuration
------□---- 1.10 TO 4.97 Min
------* ---- 4.97 TO 12.4 Min
----- O---- 12.4 TO 21.42 Min
----- • ---- Oriented Configuration
Figure 15: Experim ent F12--Laser In tens ity  versus A na lyzer Angle 
at Various Time Intervals: The Transient Response o f 40 
% Polystyrene in  Toluene in  a 10 kG Magnetic Field
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Table 5: Experim ent F12--The Oriented Response 
o f 40% Polystyrene in  Toluene in a 10 kG 
Magnetic F ie ld
A n a ly z e r L a se r Analyzer Laser
A n g le  In te n s ity  A n g le  In te n s ity
(Degrees) ( ] iW )  (Degrees) (lJiW)
0 0 .0 0 0 185 0.001
5 0 .0 1 6 190 0 .064
10 0 .083 195 0 .154
1 5 0 .164 2 0 0 0.289
2 0 0 .272 205 0.433
25 0.415 2 1 0 0 .620
3 0 0 .616 2 1 5 0.826
35 0 .815 2 2 0 1.030
4 0 1.000 225 1.250
45 1.250 2 3 0 1.460
5 0 1.410 235 1.660
55 1.610 2 4 0 1.840
60 1.810 245 2 .060
65 1.990 2 5 0 2 .220
7 0 2 .110 255 2 .340
75 2 .230 2 6 0 2.420
80 2 .320 265 2.510
85 2 .380 2 7 0 2.530
9 0 2 .400 275 2.520
95 2 .390 2 8 0 2.480
100 2 .340 285 2.370
105 2 .280 2 9 0 2.270
110 2 .150 295 2.130
115 2 .030 3 0 0 1.910
120 1.910 305 1.750
125 1.660 3 1 0 1.480
130 1.460 315 1.310
135 1.260 3 2 0 1.090
(continued)
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Table 5: (co n tin u e d )
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A n a ly z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(1JLW )
Analyzer
A n g le
(Degrees)
Laser
I n t e n s i t y
(1JLW )
1 4 0 1.060 325 0.895
145 0 .868 3 3 0 0.664
150 0 .679 335 0.473
155 0 .470 3 4 0 0 .352
160 0 .333 345 0 .192
165 0 .197 3 5 0 0.098
170 0 .092 355 0.028
175 0 .026 36 0 0 .000
180 0 .000
unoriented po lystyrene sample are apparently d is tribu te d  around 
tw o planes at angles o f approxim ate ly 50 and 120 degrees w ith  
respect to the magnetic f ie ld . The magnetic fie ld , as seen from  
Figures 15 and 16, smooths out the two peaks in  the response and 
orients the polym er molecules around the lines o f magnetic force. As 
the po lym er molecules a lign  in to  a tigh ter d is tribu tion  around the 
lines o f magnetic force, the two peaks o f the oriented p lo t should 
become th in ne r and larger. This represents a more u n ifo rm  
alignment. The regression o f the two parameter model by equations 
15 and 16 fu rth e r illu s tra te s  th is  ef fect .  The unorien ted  
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Analyzer Angle (Degrees)
 n  Initial Configuration ----- ■----  Oriented Configuration
Figure 16: E xperim ent F12--Laser In te n s ity  versus the A na lyze r 
A n g le : The In i t ia l  and O rien ted  Responses of
40%Poly styrene in Toluene in a 10 kG Magnetic Field.
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= 26.296 degrees and a retardance o f 6 = 2.613. The regression o f 
the three parameter model by equations 19-21 produced X = 2 3 .7 1 8  
degrees, 6 = 2.510, and a value o f r\ = 1.377.
The oriented polystyrene-to luene sample, by comparison, had 
two parameter model values o f X = 2.654 degrees and a 6 = 1.539. 
The three parameter model gave values o f X -  -0.716 degrees, 6 =
0.425, and r| = 1.377. These values would suggest that the models 
com pute the average angular orien ta tion  about the same w ith  a 
d iffe rence  o f 3.370 degrees. The values o f the retardanse are 
drastica lly d iffe ren t, ind icating that the models are quite d iffe ren t in 
the degree o f un ifo rm ity  o f the orientation. This difference could be, 
in  part, to the d iff ic u lty  in  measuring retardance. The measurement 
o f retardance is a subject o f much research, and these results 
indicate that this instrument may not be suitable fo r such sensitive 
measurements. Furtherm ore, the three parameter model produced 
an in tensity transmission factor greater than one. This seems to be 
phys ica lly  unrealistic from  a conservation o f energy standpoint.
Another convenient geometric means to view  these results is to 
p lo t the in tens ity  as a function o f the angular orienta tion o f the 
analyzer on a polar plot. Such a p lo t is illustrated in  Figure 17. The 
feature o f this type o f representation o f the samples orientation is 
that the response o f the system w il l  lie  w ith in  a region o f the plot. 
As the sample becomes more un ifo rm ly  oriented, the two lobes o f 
the po la r p lo t become th inner. W hen the sample is pe rfec tly








□ INITIAL CONFIGURATION ■ ORIENTED CONFIGURATON
Figure 17: Experim ent F12--Laser In tens ity  as a Function o f 
Analyzer Angle: The In it ia l and Oriented Response
40% Polystyrene in Toluene in a 10 kG  Magnetic Field.
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u n ifo rm ly  oriented, the lobes w i l l  be approach the sym m etrica l 
sinusoidal type response given by M alus' Law. I f  the sample's 
m olecular structure is perfectly  random in  the rad ia l d irection w ith  
the same number o f molecules ly ing  in a plane in  any given angle, 
the po lar p lo t w i l l  be perfectly  c ircu la r w ith  no lobes. Both the 
c ircu la r response o f the random distribu tion o f the polar sinusoidal 
response are lim it in g  cases o f the responses possible. Thus, any 
real orien ta tion  o f a liq u id  crysta lline  po lym er sample should lie  
somewhere between the two lim itin g  cases.
5.3 MEASUREMENT OF THE ORIENTATION AND ALIG N M EN T OF THE 
LOW  MOLECULAR WEIGHT LIQUID CRYSTAL MBBK.
To fu rth e r judge the perform ance o f the instrum ent and 
develop techniques o f measuring the m olecular o rien ta tion o f the 
liq u id  crysta l molecules, an experim ental set was perform ed using 
the lo w  m o lecu la r w e igh t liq u id  crysta l M B B K . The general
measurement techniques were the same as those used in experiment 
F I 2, but the prim ary po larizer was positioned at some angle not 
para lle l w ith  the magnetic fie ld . Furthermore, to judge the effects 
that the strength o f the magnetic f ie ld  has on the orien ta tion , 
experiment F I 7 used two d iffe ren t fie ld  strengths, and the alignment 
responses were compared. This should give some in form ation about 
what effect that the fie ld  strength has on the transient response time 
o f the sample.
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5.3.1 THE IN IT IA L  RESPONSE OF THE M B B K  SAMPLE
The in it ia l response o f the liq u id  crystal sample was measured 
w ith  the magnetic fie ld  o ff  and the prim ary polarizer at an angle o f 
77 degrees from  the magnetic fie ld . The results o f this measurement 
are shown in Table 6.
5.3.2 THE TRANSIENT RESPONSE OF THE M B B K  SAMPLE IN  A  10 KG 
FIELD
The transient response o f th is experim ental run, shown in 
Table 7, was recorded d iffe re n tly  than that o f experim ent F I 2. 
Instead o f p lo tting  the measured laser in tensity versus the analyzer 
angle fo r various tim e ranges, the measured laser in tens ity  was 
p lo tted against tim e fo r analyzer positions spaced 60 degrees apart. 
There are two major differences between the two types o f plots. I f  
the sample were to take a very long time to reach equ ilib rium  in  the 
magnetic fie ld , there would be a very large number o f curves on the 
in tens ity  versus angle p lo t. However, on an in tensity versus time 
plot, there would only be six curves and a longer time axis. Secondly, 
it  is easier to see when the sample has reached equilibrium . Instead 
o f having entire curves that w i l l  overlap one another, the response 
curves at each angular position w il l  fla tten out w ith  the curves that 
are 180 degrees apart overlapping one another at equ ilib rium  due to 
the symmetry o f the response. Such a p lo t o f the response is shown 
in  Figure 18.
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Table 6: Experiment F17--The In it ia l Response o f M BBK
F ield Strength = 10 kG
Sample Thickness = 0.0002 in
Laser In tens ity
W ith no polarizers: I = 4.51 jjW
W ith prim ary po larizer: I = 2.28]JiW
Angle o f Primary: 7 7 °
A n a l y z e r  Laser Analyzer Laser
A n g le I n t e n s i t y A ng le I n t e n s i t y
(Degrees) ( j iW ) (Degrees) fld W )
0 1.080 185 1.000
5 1.130 190 1.030
1 0 1.150 195 1.040
1 5 1.180 2 0 0 1.070
2 0 1.210 205 1.080
25 1.230 2 1 0 1.130
3 0 1.200 215 1.160
35 1.210 2 2 0 1.120
4 0 1.170 225 1.150
45 1.140 2 3 0 1.120
5 0 1.110 235 1.180
55 1.040 24 0 1.170
6 0 1.030 245 1.150
65 0 .992 25 0 1.130
7 0 0.971 25 5 1.160
75 0 .957 257 1.190
77 0.941 2 6 0 1.150
80 0 .906 265 1.140
85 0.871 2 7 0 1.160
(continued)
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Table 6: (co n tin u e d )
86
A n a ly z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(U W )
Analyzer
A n g le
(Degrees)
Laser
I n t e n s i t y
(U W )
9 0 0 .872 275 1.140
95 0.868 2 8 0 1.130
100 0 .862 285 1.140
105 0 .858 2 9 0 1.100
110 0 .849 295 1.060
115 0.841 3 0 0 1.030
120 0 .850 305 1.010
125 0.871 3 1 0 0.989
130 0.883 315 0 .919
135 0.896 3 2 0 0 .869
140 0 .900 325 0.851
145 0 .910 3 30 0.838
150 0.918 335 0.841
155 0 .927 3 4 0 0 .840
160 0 .939 345 0 .838
165 0 .957 347 0.831
167 0 .966 3 5 0 0 .860
170 0 .975 355 0.905
175 0 .988 3 6 0 0.983
180 1.010
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Table 7: Experiment F17—'The Transient Response o f M B B K  
in a 10 kG Magnetic Field
T im e Analyzer Angle (Degrees)
(M in u te s ) 0 60 120 180 2 4 0 3 0 0
0 1.080 1.030 0 .850 1.010 1.170 1.030
5 0 .948 1.190 0 .808 0 .948 1.150 0.811
10 0 .973 1.140 0.791 0 .980 1.130 0.811
15 0.903 1.130 0.783 0 .984 1.100 0 .766
2 0 0 .992 1.080 0.757 0.977 1.070 0 .756
25 1.010 1.110 0 .774 1.010 1.090 0 .779
3 0 1.060 1.140 0.793 1.050 1.110 0.798
35 1.080 1.150 0 .799 1.070 1.100 0 .799
4 0 1.080 1.140 0 .798 1.070 1.130 0 .799
As seen by Table 7 and Figure 18, the M B B K  sample in the 
instrum ent reached a steady state response after about 40 minutes. 
A l l  o f the responses at each angular position o f the analyzer were 
steady to w ith in  less than 1%. A t this point, i t  was assumed that the 
M B B K  sample was at equilibrium . When the molecular orientation of 
the sample was measured, the very smooth response o f Table 8 was 
ob ta ined .
5.3.3 THE TRANSIENT RESPONSE OF M BBK SAMPLE IN  A  4 KG FIELD 
In  order to study the effect that the strength o f the magnetic 
f ie ld  has on the extent o f alignment o f the sample, the M B B K  was 



























40350 305 10 2515 20
Time (Minutes)
•  0 Degrees  ■----  60 Degrees  *----  120 Degrees
■°----  180 Degrees  n----  240 Degrees  * ----  300 Degrees
Figure 18: Experim ent F17--M easured Laser In tens ity  versus T im e 
at Various Positions o f the A na lyze r Po larizer: The
Transient Response o f M B B K  in a 10 kG Magnetic Field.
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Table 8 Experim ent F I 7—The Oriented Response 
o f M B B K  in a 10 kG Magnetic Field
A n a ly z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(VJLW)
Analyzer





0 1.080 185 1.120
5 1.120 190 1.140
1 0 1.140 195 1.160
1 5 1.170 2 0 0 1.180
2 0 1.190 205 1.190
25 1.200 2 1 0 1.190
3 0 1.210 215 1.180
35 1.210 2 2 0 1.170
4 0 1.200 2 25 1.150
45 1.190 2 3 0 1.140
5 0 1.180 2 35 1.110
55 1.160 2 4 0 1.080
6 0 1.130 245 1.040
65 1.100 2 5 0 1.000
7 0 1.070 255 0 .976
75 1.030 2 57 0 .966
77 1.020 2 6 0 0 .953
80 1.000 265 0 .928
85 0.971 2 7 0 0 .898
9 0 0 .935 2 75 0.871
95 0.903 2 8 0 0 .8 52
100 0 .877 2 85 0 .825
105 0 .847 2 9 0 0.811
110 0 .824 295 0.801
115 0 .808 3 0 0 0 .797
120 0 .795 305 0 .792
125 0 .792 3 1 0 0 .7 94
130 0 .798 315 0 .808
135 0 .805 3 2 0 0.831
(continued)
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Table 8: (co n tin u e d )
90
A n a l y z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(1JLW)
Analyzer





140 0 .818 325 0 .859
145 0 .834 3 3 0 0 .885
150 0.861 335 0.921
155 0 .900 3 4 0 0 .950
1 60 0 .936 345 0 .990
165 0 .968 347 1.010
167 0.981 3 5 0 1.030
170 1.000 355 1.060
175 1.040 3 6 0 1.080
1 80 1.080
19, the realignm ent o f the sample took over four hours in  a 4 kG 
fie ld  compared to fo rty  minutes when in  a 10 kG magnetic fie ld . 
Based on these two measurements, the alignment time o f a particular 
liq u id  crysta lline compound fo llow s an inverse square law.
5.3.4 THE ORIENTED RESPONSE OF THE M BBK SAMPLE
The new oriented con figura tion  o f the M B B K  in  the 4 kG 
m agnetic f ie ld  is given in  Table 10. This experim ental data is 
graph ica lly compared to the unoriented data o f Table 6 and the 10 
kG oriented data o f Table 8 in Figure 20. The p lo t o f the laser 
in tensity  versus the analyzer angle shows the expected trends in  the
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Response o f M B B K  
to a 4 kG Magnetic Field
T im e
(M in u te s ) 0
Analyzer Angle 
6 0  120
(Degrees)
180  2 4 0 3 0 0
0 1.080 1 .130 0.795 1 .080 1.080 0 .797
10 1.020 1 .180 0 .818 1 .020 1 .180 0 .819
2 0 1.140 1 .160 0 .789 1 .030 1.150 0 .792
3 0 1.110 1 .140 0 .764 1 .110 1 .130 0,.763
4 0 1.210 1 .110 0.723 1.210 1 .080 0 .726
5 0 1.280 1 .080 0 .709 1 .280 1.050 0 .713
6 0 1.270 1 .050 0 .712 1 .260 1 .010 0 .717
7 0 1.210 1 .050 0.743 1.200 1 .020 0 .751
80 1.100 1 .110 0.807 1.080 1.080 0 .818
85 1.040 1 .140 0.861 1.050 1.140 0 .879
90 1.000 1 .170 0.888 0 .975 1.150 0 .884
1 0 0 0 .870 1 .230 0 .926 0 .859 1 .210 0 .932
1 10 0 .974 1 .280 0 .964 0 .786 1 .260 0 .959
1 20 0 .770 1 .320 0 .966 0 .756 1 .280 0 .966
130 0 .766 1 .320 0.955 0 .760 1.300 0 .951
140 0 .786 1 .310 0 .924 0 .783 1 .270 0 .920
1 50 0 .852 1,.330 0.922 0 .848 1.280 0,.910
16 0 0.905 1,.280 0.882 0 .907 1.260 0 .877
170 0.973 1 .260 0.843 0 .985 1 .230 0 .845
1 80 1.040 1 .220 0 .797 1.050 1.200 0 .800
1 90 1.110 1 .210 0 .764 1 .110 1.190 0 .767
2 0 0 1.150 1 .160 0 .735 1.160 1.130 0 .739
2 1 0 1.180 1 .120 0 .702 1 .180 1.090 0,.703
2 2 0 1.230 1 .100 0 .694 1 .230 1.080 0 .696
2 3 0 1.250 1..080 0 .676 1 .250 1 .050 0..680
2 4 0 1.280 1..080 0.675 1 .280 1 .050 0,.677
2 5 0 1.290 1 .060 0 .673 1 .300 1 .040 0,.666


























0 20 40 60 80 100 120 140 160 180 200 220 240 260
Time (Minutes)
0 Degrees ----- ■----  60 Degrees  A----  120 Degrees
180 Degrees  a  240 Degrees  A----  300 Degrees
Figure 19: Experim ent F17--M easured Laser In tens ity  versus T im e 
at Various Positions o f the A na lyze r Po larizer: The
Transient Response o f M B B K  When Switched from  a 10 
kG to a 4 kG Magnetic Field.
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Table 10: Experim ent F17--The Oriented Response o f M B B K  in a 4 
kG Magnetic Field
A n a l y z e r
A n g le
(Degrees)
Laser
I n t e n s i t y
(jJiW)
Analyzer
A n g le
(Degrees)
Laser
I n t e n s i t y
(1JLW)
0 1.320 190 1.380
10 1.390 2 0 0 1.380
2 0 1.400 2 1 0 1.340
3 0 1.370 2 2 0 1.270
4 0 1.290 2 3 0 1.160
5 0 1.190 2 4 0 1.030
60 1.060 2 5 0 0 .899
7 0 0 .936 2 57 0 .829
77 0 .849 2 6 0 0 .976
80 0.815 2 7 0 0 .710
90 0.721 2 8 0 0 .652
100 0 .657 2 9 0 0 .640
1 10 0 .638 3 0 0 0 .670
1 20 0 .662 3 1 0 0 .757
1 30 0 .718 3 2 0 0 .846
1 4 0 0 .839 33 0 0 .967
15 0 0.973 34 0 1.100
16 0 1.090 347 1.190
167 1.190 3 5 0 1.230
1 7 0 1.230 3 6 0 1.320
180 1.320
alignm ent o f the liq u id  crysta lline molecules. The general shape of 
the unorien ted M B B K  curve fo llo w s  a rough sinuso ida l shape, 
in d ica tin g  the natura l liq u id  c ry s ta llin ity  o f the M B B K . The 


























0 30 60 90 120 150 180 210 240 270 300 330 360
Analyzer Angle (Degrees)
Unoriented ----- • ----  4 kG  ■----  10 kG
Figure 20: Experim ent F17--Laser In tensity  versus T im e at Various 
Positions o f the Analyzer Polarizer: The Unoriented and
Oriented Responses o f M B B K  in  a 4 kG  and a 10 kG 
Magnetic Field.
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larger than the maximum response o f the 4 kG fie ld  showing that the 
retardance o f the sample is smaller fo r the 10 kG fie ld . This can be 
in te rp re ted  as meaning that the m olecules are more u n ifo rm ly  
aligned in  the 10 kG  magnetic fie ld . However, since the m inim um  
laser in tens ities  are not zero, as m athem atica lly  expected, the 
molecules are not perfectly aligned. This feature can also be seen in 
the polar p lo t shown in  Figure 21. Since the figures do not show the 
figu re  eight shape expected from  a perfect sinusoidal response w ith  
m in im um  intensities o f zero, i t  can be deduced that there is indeed 
some d is tribu tion  o f the molecules.
The results o f Experiment F I 7 produced trends s im ila r to those
o f Experim ent F I 2. For the unoriented M B B K  sample, the two
parameter model produced values o f X = 54.216 degrees and 6 = 
2.196. W h ile  the three parameter model produced values o f X =
51.836 degrees, 6 = 1.452, and r) = 1.784. The oriented M B B K  
sample in  a 10 kG magnetic fie ld  had two parameter model values o f 
X = 7.589 degrees and 6 = 1.285, and corresponding three parameter 
model values o f X = 8.788 degrees, 6 = 1.048, and r| = 1.159. And 
fo r the case o f the M B B K  sample in the 4 kG magnetic fie ld , the two 
parameter model values were X = 9.454 degrees and 6  = 0.805. The 
three parameter models values were X = 9.745 degrees, 6 = 0.203, 
and r| = 1.146. The same trends in the values are evident. The
average angular orientations are s im ila r, w h ile  the values o f the 
retardance and the transmission factors are greater than 1.0.








*  Unoriented ■ 4 kG ♦ 10 kG
Figure 21: Experim ent F17--Laser In tens ity  as a Function o f the 
Analyzer Angle: The Unoriented and Oriented Responses
o f M B B K  in a 4 kG.and 10 kG Magnetic Field.
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5.4  THE OPTICAL PARAMETERS OF EXPERIMENTS F12 AN D  F17
The overall results o f this experimental testing are summarized 
in  Table 11. The instrum ent and experim enta l procedure, as 
designed, c learly aligns the molecules to the lines o f magnetic force 
from  the electromagnet because o f the much smaller values o f X
Table 11: Comparison o f the Results o f the Two Parameter 
M odel and the Three Parameter M odel fo r 




M od e l
E x p e rim e n t Case X 6 X 6 n
F I  2
U n o rie n te d  











U n o rie n te d 54 .216 2.196 51 .836 1.452 1.784
F17 4 kG Field 9 .454 0.805 9.745 0.203 1.146
10 kG Field 7 .589 1.285 8.788 1.048 1.159
when the fie ld  is present. The two models produce sim ilar values of 
X , w ith  less than 3.5 degrees d iffe rence between the models. 
Because the values o f 6 are so drastically d iffe ren t in  some o f the
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cases, i t  seems that the instrum ent and method are not precise 
enough to make inhe ren tly  sensitive b ire fringence  measurements. 
The three parameter model produces values o f r \ that are greater 
than 1.0 in  every case. This would indicate that either the model is 
not va lid , or that the experimental procedure fo r co llecting the data 
fo r  this parameter needs refinement.
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CHAPTER V I 
CONCLUSIONS
Based on the experimental results, four major conclusions can
be drawn from  this research:
1) From  exam ination o f the values o f the average m olecu lar 
o r ie n ta tio n , the expe rim en ta l in s tru m e n t does a lig n  the 
molecules to the lines o f magnetic force from  the pole faces o f 
the electromagnet to w ith in  a few degrees. This would enable 
researchers to produce a know n o rien ta tion  o f the liq u id  
c ry s ta llin e  po lym e r sample and to fo llo w  the m o lecu la r 
orientation in time. When perform ing experiments in  a quartz 
plate rheometer, the m olecular orientation can be fo llow ed  in 
time and give some lim ited  insight to the effects shear flo w  has 
on the structure o f polymers.
2 ) The tw o and three parameter models produce values o f the
average angular orientation that agree to w ith in  a few degrees. 
However, the three parameter models values o f the retardance 
are inconsisten t w ith  those o f the accepted tw o parameter 
model. This may be a com bination o f the accuracy o f the
experim ental data, the three parameter model its e lf, and the
inherent d iff ic u lty  in  measuring the retardance.
3 ) The values o f the transm ission factors v io la te  the law  o f 
conservation o f energy because they are greater than 1.0.
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However, the values are not extrem ely poor, and are fa ir ly  
close to 1.0. This would indicate that the three parameter 
m odel may be reasonable, but needs to be expanded and 
im proved in  order to produce reliable and m eaningful results.
4 ) Since the 40% po lystyrene in  toluene experim ent produced 
smaller average angles o f m olecular orientation then the low  
m olecular w e ight liq u id  crysta l M B B K , i t  w ould appear that 
po lystyrene may be more m agnetica lly  in du c tive  in  nature 
than M B B K . Thus polystyrene solutions are better samples in 
which to test an instrument o f this sort.
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CHAPTER V II 
RECOMMENDATIONS
From the results and the experience gained in  the design and 
construction o f this instrument, the recommendations to be made at 
this tim e are to use better, and thus more expensive, experimental 
equipm ent and to re fine  the models and m athem atical procedures 
used in  the analysis. The transmission parameter was close to 1.0 
but s till greater than 1.0. The major d ifficu lties  were associated w ith 
the need to im provise w ith  lim ited  materials and resources. The 
equipm ent to make th is type o f instrum ent pe rfo rm  to better 
specifications would include a second laser apparatus o f a d iffe ren t 
wave length to help aid in  the birefringence measurement, and an 
automated data co lle c tion  system. The task o f pe rfo rm ing  the 
experim enta l procedure would take eight hours or more. I f  the 
system were automated, i t  would not only reduce the tim e required 
by the researcher, but also probably im prove the accuracy and 
re lia b ility  o f the experimental data.
I f  better equipment were used in  this type o f instrument, the 
experim ental procedure could be expanded in  such a way to gain 
more in fo rm a tio n  about the dynam ic structura l changes o f the 
sample. A  real tim e apparatus would be o f great value when a 
rh e o lo g ica l study is perform ed congruen tly  w ith  the s tructura l 
measurements. The researcher could use the on line in fo rm ation to
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pred ic t necessary adjustments and perform  them accordingly.
A  refinem ent and expansion o f the mathematical models used 
w ould benefit not only the real tim e automation, but also im prove 
and expand the results. Such refinements should be in the areas of 
the transm ission parameter w h ich  could be used to calculate the 
actual d is tribu tion  o f the molecules around the average orientation. 
A t th is  tim e, such ca lcu la tions are long and tedious requ iring  
substantia l com puting tim e. In  order to perform  the necessary 
calculations, the mathematics would need a more e ffic ien t method o f 
so lv ing the simultaneous equations or to perform  the calculations 
w ith  fewer data points.
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